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ABSTRACT 
The nucleus tractus solitarii (NTS) is the central site of termination for a wide variety of 
cardiorespiratory afferents. However, the neural mechanisms which transform afferent 
input into motor output are largely unknown. Two approaches were adopted in this study: 
(1) Recently, a novel arterially perfused working heart-brainstem preparation (WHBP) 
was developed in the mouse; this species may prove expedient since many transgenic 
strains are available. However, the usefulness of the WHBP for studies into central 
cardiovascular control lay undetermined. The first series of experiments compared four 
cardiorespiratory reflexes evoked in the murine WHBP and the anaesthetised mouse; the 
reflex responses were qualitatively similar between the two preparations, supporting the 
validity of the WHBP. 
Subsequent experiments utilised a genetically engineered neurokinin-1 receptor (NKi) 
knockout mouse. This receptor is present in the NTS and has been implicated in central 
cardiovascular control. However, our experiments in vivo demonstrated that NK1 knockout 
mice express unexpected phenotypic characteristics (enhanced baroreceptor reflex), 
presumably due to a developmental over-compensation for the deleted gene product, 
which confounds the interpretability of data obtained with these animals. 
(2) The second approach was based on the hypothesis that NTS neurones mediating 
different cardiorespiratory reflexes contain different complements of voltage- and 
calcium-dependent potassium channels (Kv and Kcarespectively). Indeed, we found that 
microinjection of Kca antagonists into the NTS of rats potentiated the baroreceptor reflex 
but attenuated the cardiopulmonary reflex, whereas blockade of Kv channels reduced the 
efficacy of both reflexes. These reflex attenuations were surprising since, intuitively, 
potassium channel blockade would be expected to increase neuronal excitability leading to 
reflex potentiation. However, data obtained in vitro suggests that some NTS neurones are 
less excitable following potassium channel blockade, due to an increase in inhibitory 
synaptic inputs from NTS GABAergic interneurones. The possibility of a differential 
distribution of potassium channels in subpopulations of NTS neurones is discussed. 
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CARDIORESPIRATORY REFLEX PATHWAYS 
1.1.1 Early Studies on Reflex Cardiovascular Control 
Knows't thou how blood, which to the heart doth flow, 
Doth from one ventricle to the other go? 
From Of The Progress of the Soul (1612) 
by John Donne 
Written in the early seventeenth century, this was a rhetorical question for no one knew 
how the blood travelled from the right to the left ventricle; William Harvey (1578 - 1657), 
who probably knew Donne, did not formally challenge Galen's (AD 129 - c. 216) theories 
on the cardiovascular system (in which the heart did not even drive blood through the 
arteries) until 1628 when he published his Exercitatio anatomica de molu cordis et 
sanguinis in animalibus (An Anatomical Essay Concerning the Movement of the Heart 
and the Blood in Animals). 
Two and a half centuries passed before significant advances were made in our knowledge 
of the nervous control of the circulation. Cyon and Ludwig (1866) have been credited with 
the discovery that reflex regulation of the cardiovascular system is mediated via afferent 
nerves located within the heart and blood vessels; they electrically stimulated the cranial 
end of the aortic (depressor) nerve and recorded the resultant reflex hypotension and 
bradycardia. Soon after the turn of the century, Ramon y Cajal reported that vagal and 
glossopharyngeal afferents terminate principally within the nucleus tractus solitarii (NTS) 
located within the dorsal medulla (Cajal, 1909). 
On the efferent side of the cardiovascular reflex arc, Bernard (1851) and Brown-Sequard 
(1852) were the first to discover that sympathetic nerves are tonically active. They 
demonstrated that either sectioning the cervical sympathetic nerve, or removing the 
superior cervical ganglion resulted in a dilatation of the blood vessels in the ear of the 
rabbit. Conversely, electrical stimulation of the peripheral end of the sectioned cervical 
sympathetic nerve produced a vasoconstriction of the same vessel. 
Early investigations into central cardiovascular control used electrical stimulation and 
lesions as their principle experimental tools. Interpretation of such experiments is difficult, 
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as these protocols will affect axons of passage as well as neuronal cell bodies. With this 
caveat in mind, by 1871 the medulla was strongly implicated in cardiovascular 
homeostasis: transection of the brainstem in the rabbit below the inferior colliculus 
affected neither systemic blood pressure nor the pressor response to electrical stimulation 
of the sciatic nerve (Dittmar, 1870); a year later, it was demonstrated that transection 
below the medulla in the cat caused both a precipitous fall in arterial pressure and the loss 
of the sciatic nerve pressor reaction (Owsjannikow, 1871). 
Based on studies dating from the turn of the century, it became established that the 
medulla oblongata contained the basic neural elements necessary for the maintenance of 
blood pressure. This concept of a `vasomotor centre' was popularised by Alexander 
(1946), and proved to be very influential. He combined brainstem transections with 
electrical stimulation of both afferent nerves and localised regions of the brainstem, and 
measured the resultant changes in arterial blood pressure and sympathetic efferent 
discharge. He interpreted his findings by proposing that the medulla is divided into two 
centres: a rostral centre mediating pressor responses (sympathoexcitatory) and a caudal 
centre mediating depressor responses (sympathoinhibitory). These two regions were 
suggested to be distinct entities, both exerting independent tonic activity to their own 
spinal outputs. Furthermore, he proposed that all cardiovascular reflexes producing 
sympathoexcitation or sympathoinhibition were mediated by pathways which operated via 
these medullary centres. 
Salmoiraghi (1962) was one of the first researchers to make central, extracellular 
recordings from `cardiovascular' neurones which responded to phenylephrine-induced 
rises in arterial pressure. However, as discussed by Humphrey (1965), this study, and 
others like it, made no attempt to rule out the possibility of artifactual rhythmic discharge 
resulting from pressure pulse induced movements of the brainstem. Seller and Illert (1969) 
circumvented this problem by electrically stimulating the carotid sinus nerve in the cat, 
and located responsive neurones within the NTS at the level of the obex. However, since, 
in this species, the carotid sinus nerve contains both baroreceptor and chemoreceptor 
afferents, they were unable to ascertain whether the neurones they recorded from were 
barosensitive. 
Further advances in our understanding were made in the mid-1970s, when novel 
anatomical and neurochemical techniques were developed to locate the cell groups in the 
brain responsible for cardiovascular control. Anatomical techniques included the 
anterograde transport of labelled amino acids, the retrograde transport of horseradish 
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peroxidase, and immunocytochemical staining of putative neurotransmitters and their 
synthesising enzymes. Moreover, the technique of microinjection superseded electrical 
lesions as it allowed selective stimulation of neuronal cell bodies and not axons of passage 
(Fries & Zieglgansberger, 1974). 
1.1.2 The Nucleus Tractus Solitarii (NTS) 
Anatomy of the NTS 
The NTS, located within the dorsomedial medulla, is the major site of termination for 
most, if not all, afferent fibres from receptors innervated by the glossopharyngeal (IXth) 
and vagus (Xth) nerves. It also receives some input from trigeminal nerve (VIII') afferents. 
The NTS is aY shaped structure (Figure 1) and runs rostrocaudally from the level of the 
caudal end of the facial motor nucleus to the lower end of the pyramidal decussation (rat'; 
Barraco et al., 1992). The right and left limbs follow the walls of the fourth ventricle and 
meet at the midline at the caudal end of area postrema, forming the commissural 
subnucleus. Figure 1 shows a schematic representation of a dorsal view of the medulla in 
the rat, showing the three major regions of the NTS; these three regions are defined with 
reference to their position relative to area postrema, and have been used by many 
investigators as landmarks for the placement of microelectrodes. 
' The experiments contained within this thesis were carried out in the mouse and the rat. However, since 
there have been very few neuroanatomical and physiological studies of mouse, but many of rat, the majority 
of the quoted literature will deal with this latter species. However, studies in the cat and dog will also be 
mentioned where relevant. 
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Figure 1. Schematic diagram of the dorsal medulla illustrating the three 
zones of the nucleus tractus solitarius (grey) relative to area postrema (AP). 
(IV, 4t` ventricle; modified from Figure 6-2 in Loewy, 1990) 
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Viscerotopic organisation of the NTS 
Alternatively, the NTS can be subdivided into two halves, based on the modality of the 
afferents which terminate within them: a rostral, gustatory half, which receives innervation 
mainly from the VII`I' and IX`" cranial nerves; and a caudal, cardiovascular / respiratory / 
gastrointestinal half, which has inputs mainly from cranial nerves IX and X. 
Many workers have attempted to classify subnuclei within the caudal half of the NTS 
based on cytoarchitecture, afferent projection patterns or neurochemistry (see Loewy, 
1990a; Barraco et al., 1992 for reviews). Although there is a certain degree of viscerotopic 
organisation (for example, at the level of area postrema, pulmonary and respiratory 
afferents tend to innervate ventral regions of the NTS, whereas cardiovascular afferents 
tend to project more dorsally), there is also a large degree of overlap. This is especially 
prominent in the commissural NTS, which receives overlapping inputs from 
cardiovascular, gastrointestinal, respiratory and pulmonary afferents. Indeed, the NTS is 
considered to integrate the diverse afferent input it receives, rather than merely act as a 
relay centre, as many NTS neurones receive convergent afferent inputs (e. g. Paton, 1998c; 
Silva-Carvalho et al., 1998). 
Termination sites of cardiorespiratory afferents 
The projection patterns of the afferents especially relevant to this thesis are considered in 
Section 1.3. 
1.1.3 Parasympathetic Control of the Heart and Lungs 
Vagal parasympathetic preganglionic neurones arise from two nuclei within the medulla: 
the dorsal vagal nucleus (DVN) and the nucleus ambiguus (NA). These fibres innervate 
postganglionic neurones that lie very close to the target visceral organs. Although vagal 
efferent fibres innervate a wide variety of visceral structures, only those involved in the 
control of the heart and lungs will be discussed in any detail. 
The dorsal vagal nucleus 
At its caudal most extent the DVN lies ventral to the NTS, and more rostrally, is medial to 
the NTS lying directly below the floor of the fourth ventricle. Like the NTS, the DVN 
shows a degree of viscerotopic organisation: the cells that innervate the abdominal organs 
(e. g. the stomach, small intestine, liver, gallbladder, pancreas, ascending and transverse 
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colon) lie in the medial two thirds of the nucleus; whereas the neurones which innervate 
the heart and lungs lie in the lateral third of the nucleus, mainly at the caudal levels 
(Loewy & Spyer, 1990b; Bieger & Hopkins, 1987). 
DVN control of the heart 
The role of the DVN in cardiac control in the rat is controversial. However, it seems likely 
that some DVN neurones project to the cardiac ganglia, although the consensus is that the 
majority of cardiac vagal efferents originate in the nucleus ambiguus in the rat (see below; 
(Hopkins & Ellenberger, 1995; Loewy & Spyer, 1990b). Indeed it has been calculated that 
there are approximately 4000 vagal motorneurones (Rogers et at, 1990), whereas only 
100 cells were labelled in the DVN following injection of pseudorabies virus into rat 
cardiac ganglia (Standish et al., 1995). 
It has been suggested that there may be species differences in the relative roles of these 
two structures; in the rabbit many dorsal vagal neurones have conduction velocities in the 
B fibre range, which are thought to be the most important vagal efferent fibres for eliciting 
cardiac slowing (Middleton et at, 1950), and physiologically appear to be 
indistinguishable from their counterparts in the NA (Jordan et at, 1986). Similar studies 
have not been carried out in other species. 
The nucleus ambiguus 
The NA receives relatively dense projections from the NTS (Ross et al., 1985), and in the 
rat lies in the ventrolateral portion of the reticular formation beginning at the caudal end of 
the facial nucleus and extending caudally to the Cl level of the spinal cord. This column 
can be subdivided into two main groups: (i) a dorsal group innervating the oesophagus 
(compact formation), larynx (loose formation) and pharynx (semi-compact formation); (ii) 
a ventrolateral subdivision which projects to the heart, lungs and airways (Bieger & 
Hopkins, 1987; Loewy & Spyer, 1990b). 
NA control of the heart 
The ventrolateral NA (NA-VL) is the main site of origin for cardioinhibitory vagal 
preganglionic neurones (Bieger & Hopkins, 1987). Indeed, it has been proposed that in the 
cat there are two anatomically distinct populations of neurones in the NA-VL projecting to 
the sino-atrial node (caudal NA-VL) and atrio-ventricular node (rostral NA-VL), which 
mediate chronotropic and dromotropic control of the heart (Gatti et al., 1995; Massari et 
al., 1994; Blinder et al., 1998). Moreover, it has been recently demonstrated that there is a 
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monosynaptic connection between the NTS and negative dromotropic NA-VL neurones 
(Blinder et al., 1998). 
NA-VL cells have a relatively low level of ongoing discharge in the rat (Nosaka et al., 
1982), cat (McAllen & Spyer, 1978a; McAllen & Spyer, 1978b) and rabbit (Jordan et al., 
1982), and are powerfully excited by activation of arterial baroreceptors. Due to this 
excitatory input cardiac vagal preganglionic neurones fire in synchrony with the cardiac 
cycle (McAllen & Spyer, 1978a). However, they can also be powerfully excited by inputs 
arising from peripheral chemoreceptors, cardiac receptors, and trigeminal receptors 
activated during the diving reflex (de Burgh Daly, 1986). 
These neurones are also inhibited during the inspiratory phase of the respiratory cycle by 
medullary inspiratory neurones (McAllen & Spyer, 1978a), accounting for centrally 
mediated respiratory sinus arrhythmia. This inspiratory inhibition is likely to be mediated 
by acetylcholine as it is blocked by application of atropine (Gilbey et al., 1984). 
Interestingly, iontophoretic application of excitatory amino acids onto a baroreceptive NA 
neurone can result in a measurable bradycardia (McAllen & Spyer, 1978b; Jordan et al., 
1982). This suggests that there is considerable divergence from preganglionic neurones to 
postganglionic neurones, which in turn must receive synaptic inputs from many 
preganglionic neurones. 
1.1.4 Sympathetic Control of the Heart and Vasculature 
Sympathetic preganglionic cell bodies are mainly located within the intermediolateral cell 
column (IML) in the spinal cord, and innervate postganglionic fibres within the 
sympathetic ganglia (reviewed in Dampney, 1994). Sympathetic preganglionic neurones 
receive synaptic input from various descending pathways (for review see Dampney, 
1994). However, there is considerable evidence to suggest that one particular group of 
presympathetic neurones, located in the rostroventrolateral medulla (RVLM), is 
particularly important in cardiovascular control (Guyenet, 1990). 
Sympathetic premotor neurones in the RVLM 
Dittmar was the first to localise the region of the medulla responsible for blood pressure 
regulation in the rabbit to the ventral medulla at a level near the facial nucleus (Dittmar, 
1873). This region was rediscovered by Schlaefke and Loeschke (1967) who showed that 
local cooling of the rostral ventrolateral medulla (RVLM) caused a pronounce fall in 
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blood pressure. Sympathetic premotor neurones were shown to be localised within this 
region by applying inhibitory neurotransmitters, such as glycine, onto the ventral surface 
of the medulla and recording the resultant fall in blood pressure (Feldberg & 
Guertzenstein, 1976; Guertzenstein & Silver, 1974). Subsequently, microinjection of 
glycine or gamma-amino-butyric acid (GABA) into the RVLM were shown to produce 
profound falls in arterial pressure, whereas opposite effects were observed with glutamate 
(Ross et at, 1984; McAllen, 1986b). The pressor effect obtained with glutamate was 
found to be the result of a net vasoconstriction rather than an increase in cardiac output. 
Moreover, these microinjections failed to affect other, non-cardiovascular sympathetic 
outflows to the pupils or nictitating membranes (McAllen, 1986a). 
Further evidence to support the notion that the RVLM contains reticulospinal cells which 
produce an excitatory drive onto vasomotor preganglionic cells was provided by 
anatomical studies which reported direct projections from the RVLM to the M, (Reis et 
al., 1984; Loewy et al., 1981). These. RVLM neurones receive inhibitory inputs from 
baroreceptors and show a marked pulse-rhythmical discharge. Furthermore, their basal 
discharge rate is related to mean arterial pressure, in the same way as lumbar sympathetic 
discharge (Guyenet, 1990). 
The source of vasomotor drive 
Since RVLM neurones seem to be responsible for tonic vasomotor drive, it is pertinent to 
ask how they derive their ongoing activity. This is a highly controversial question, with 
two opposing points of view. (1) Based on intracellular recordings in the medullary slice, 
and extracellular recordings in vivo in the presence of glutamate antagonists, Sun, Guyenet 
and their colleagues proposed that some vasomotor RVLM neurones exhibit intrinsic 
pacemaker activity (Sun et al., 1988a; Sun et al., 1988b; Guyenet, 1990). (2) In contrast, 
Gebber and colleagues (Barman & Gebber, 1987; Gebber, 1990) suggested that the 
activity is due to a network of neurones, an hypothesis that was supported by recent 
intracellular recordings made in the anaesthetised cat (Lipski et al., 1996). 
Inhibition of sympathetic premotor neurones by the CVLM 
Feldberg and Guertzenstein (1976) were the first to describe the effects of stimulating cell 
bodies within the caudal ventrolateral medulla (CVLM). They applied nicotine (which was 
considered to be excitatory) to the nearby ventral surface in the cat and recorded the 
resultant falls in arterial pressure. Similar effects were reported in the rabbit when 
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excitatory amino acids were microinjected into the region between the nucleus ambiguus 
and lateral reticular nucleus (Li & Blessing, 1990; Masuda et al., 1991). 
A role for the CVLM in reflex control was proposed by Willette et al. (1983) who showed 
that sympathetic baroreceptor reflexes, together with the depressor effect caused by 
activation of J receptors (see below), could be blocked by microinjecting the GABA- 
mimetic agent, muscimol, into this area. Subsequent work has showed that the CVLM 
provides an inhibitory GABAergic synapse with RVLM neurones (Dampney et al., 1988). 
Furthermore, anatomical evidence suggests that there is a direct pathway from CVLM 
neurones onto sympathetic premotor neurones in the RVLM (Li et al., 1992), while 
electrophysiological studies have shown that neurones in the CVLM can be antidromically 
activated from the RVLM (Agarwal & Calaresu, 1992; Gieroba et al., 1992). 
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1.2 
THE RESPIRATORY NETWORK 
1.2.1 The Respiratory Cycle 
The respiratory cycle has been proposed to be made up of three basic neural phases, one 
inspiratory and two expiratory, which are based on the pattern of discharge of the phrenic 
nerve (Richter, 1982; Richter, 1996). These are: 
1. Inspiration (I phase; air flows into the lungs). 
2. Postinspiration (PI phase; passive expiration). 
3. Expiration (E2 phase; active expiration). 
During the I phase phrenic nerve activity steadily increases. The switch between the I 
phase and the PI phase is marked by an abrupt cessation of phrenic nerve activity which 
lasts for a few milliseconds. The PI phase is characterised by a resumption of phrenic 
activity which steadily declines; this results in a gradual relaxation of the diaphragm 
(passive expiration). During the final stage of exhalation active contraction of the internal 
intercostal and abdominal muscles can increase expiratory airflow; phrenic nerve activity 
is silent during this period. 
1.2.2 Respiratory Neurones 
Six different types of respiratory neurones have been recorded in mature animals in vivo. 
These neurones are classified based on both their firing pattern and the phase of the 
respiratory cycle in which they are active, and are similar in all species studied to date 
(Richter, 1996; Figure 2). 
" Early-inspiratory (early-I neurones; during early I phase; decrementing) 
" Inspiratory (I neurones; throughout I phase; ramping) 
" Late-inspiratory (late-I neurones; during late I phase; decrementing) 
" Postinspiratory (Post-I neurones; during PI phase; decrementing) 
" Expiratory (E2 neurones; during E2 phase; incrementing) 








Figure 2. Six types of respiratory neurone have been characterised based on the 
temporal relation of their discharge profile to phrenic nerve activity. Three types of 
neurone discharge during inspiration: early-inspiratory (early-I), inspiratory (I) and 
late-inspiratory (Late-I). Post-inspiratory neurones (Post-I) discharge during the 
after-discharge of phrenic nerves, and expiratory neurones (E2) discharge during 
the pause in phrenic nerve activity. Pre-inspiratory neurones (Pre-I) discharge in a 
characteristic phase-spanning manner between inspiration and expiration (Modified 
from Richter, 1996). 
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1.2.3 The Medullary Respiratory Network 
The respiratory rhythm generator is located in similar regions of the brainstem to those 
neurones controlling cardiovascular reflexes. Indeed, there are considerable interactions 
between the two systems (Richter & Spyer, 1990). On a gross, anatomical level 
respiratory neurones are found in two distinct regions of the medulla: the dorsal 
respiratory group (DRG), located within the NTS; and the ventral respiratory group 
(VRG) situated in the ventrolateral medulla. 
The ventral respiratory group 
Rostra) ventral respiratory group (rVRG) 
The rVRG is situated in the ventrolateral medulla coextensive with, and rostral to, area 
postrema. It contains bulbospinal inspiratory neurones (mostly I neurones, but also PI 
neurones) that project to the phrenic nucleus (segments C3-C6) and to the thoracic ventral 
horn (Cohen et al., 1974). 
Caudal ventral respiratory group (cVRG) 
The cVRG is located in the ventrolateral medulla caudal to area postrema. It 
predominantly contains bulbospinal expiratory neurones (E2 neurones) that excite internal 
intercostal and abdominal motorneurones in the ventral horn of the thoracolumbar spinal 
cord, via spinal interneurones (Kirkwood, 1995). 
Bötzinger complex (BötC) 
The BötC lies in the RVLM, ventral and ventromedial to the compact division of the 
nucleus ambiguus, and contains principally expiratory bulbospinal premotor neurones and 
expiratory interneurones. 
Pre-Bötzinger complex 
This group of neurones lies just caudal to the BötC and rostra] to the rVRG. Based on data 
obtained from neonatal preparations in vitro, this region has been proposed to contain 
pacemaker neurones (Pre-I and early-I) that generate the respiratory rhythm (Smith et al., 
1991). 
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The dorsal respiratory group 
In the rat, the DRG is located within the ventral and ventrolateral NTS, coextensive with, 
and rostral to, area postrema, and contains principally inspiratory neurones (De Castro et 
al., 1994). These neurones were classified into three groups similar to those described in 
other species: 
1. Ia neurones discharged in phase with phrenic nerve activity, regardless of input 
from lung stretch receptors 
2. Iß neurones responded to lung inflation, but during lung deflation fires in phase 
with phrenic nerve activity. 
3. Pump cells followed the input from lung stretch receptors, and were not 
responsive to the centrally generated rhythm. 
The physiological role of the DRG neurones is unknown; many project to the spinal cord, 
and some project to the phrenic nerve nuclei, but these projections are not essential for 
respiratory rhythmogenesis. However, in the rat the DRG receives respiratory relevant 
information from slowly adapting pulmonary stretch receptors (Bonham & McCrimmon, 
1990), and from the carotid body chemoreceptors (Finley & Katz, 1992). 
Respiratory network drive 
Two hypotheses have been proposed to explain the drive to the respiratory network: (i) 
Feldman and Cleland (1982) and Smith et al. (1991) have suggested that a population of 
neurones (pre-I neurones located in the pre-B6tC) act as pacemakers, and are responsible 
for the genesis of the primary respiratory rhythm (pacemaker hypothesis); (ii) 
alternatively, Richter and co-workers have suggested that the respiratory rhythm results 
from reciprocal inhibitory interactions between Early-I and Post-I neurones (network 
hypothesis; for review see Richter, 1996). It should be noted, however, that the network 
hypothesis does not exclude intrinsic membrane properties from playing an important role 
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1.3 
FOUR CARDIORESPIRATORY REFLEXES 
1.3.1 The Baroreceptor Reflex 
Baroreceptors and their afferents 
Baroreceptors are non-encapsulated nerve endings packed with mitochondria. They are 
found in the interstitial layer of arteries at two main locations: the aortic arch and the 
carotid sinus. The aortic baroreceptors are located mainly around the transverse arch of the 
aorta and their afferent fibres form the aortic or `depressor' nerve. The cell bodies of this 
nerve lie in the nodose ganglion and the central axons terminate in the NTS. The carotid 
sinus is a thin walled dilatation at the bottom of the internal carotid artery from which 
afferent fibres form the carotid sinus nerve, and then ascend in the glossopharyngeal (IXth 
cranial nerve); the cell bodies are located in the petrosal ganglion and similarly project to 
the NTS. 
At the simplest level, there are two major types of baroreceptor afferent which differ in 
their conduction velocity, threshold pressure for activation, and in their reflex action on 
arterial pressure and heart rate: myelinated A fibres and unmyelinated C fibres (Douglas et 
al., 1956; Kardon et al., 1975; Kardon et al., 1973). The latter outnumber the former in the 
carotid sinus nerve in the rat by about six to one (McDonald, 1983b; McDonald, 1983 a). 
In the rat, A-type aortic baroreceptor afferents have an activation threshold between 40 
and 120 mmHg (Andresen, 1984; Brown et al., 1976), and are capable of responding with 
high frequencies (> 100 Hz) of discharge. These receptors discharge at a frequency that 
adapts over four to five seconds to a steady state value that is directly proportional to the 
amplitude of the pressure step. Furthermore, A-type baroreceptors exhibit a pulsatile 
discharge with each arterial pressure wave when their activity is recorded in vivo. 
In contrast, C-type aortic baroreceptor afferents in rats have a higher threshold for 
activation than A-fibres (60 to >200 mmHg; Thoren & Jones, 1977), and they discharge at 
a lower frequency at the same pressure; their maximum sustained frequency is 20-30 Hz. 
While some C fibres show a regular discharge frequency in response to step increases in 
pressure, most C-fibre baroreceptors exhibit an irregular discharge pattern, and either fire 
a burst of action potentials of lower frequency than the A-fibres with each pulse, or, more 
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often, they display only one or two action potentials which are loosely correlated to the 
pressure pulse. 
Seagard et al. (1990) used an alternative classification scheme based on the response of 
baroreceptor afferents in the dog to slow ramp increases in carotid sinus pressure: type I 
receptors demonstrate a hyperbolic relationship between firing frequency and static 
pressure, and mainly have larger myelinated afferent A-fibres; whereas type II receptors 
show sigmoidal frequency response curves and predominantly have smaller A- and 
unmyelinated C-fibres. 
It has been suggested that C-fibre baroreceptors, because of their lower sensitivity to 
pressure challenges and irregular firing pattern, may be most important in relaying 
information about the mean level of arterial pressure (Yao & Thoren, 1983). This 
hypothesis was confirmed by Seagard et al. (1993) who used afferent blocking techniques 
to selectively block nerve conduction of baroreceptor afferents according to fibre size; the 
data suggest that type I (large A-fibre) baroreceptors contribute primarily to dynamic 
control of arterial pressure, by generating a high fidelity (Hornby, 1995) faithful 
representation of the pressure waveform, while type II (smaller A- and C-fibre) 
baroreceptors mainly controlled tonic, resting levels of blood pressure. 
NTS projection sites 
For many years it was thought that the aortic nerve in the rat, unlike the cat, contains only 
baroreceptor afferents, and is not contaminated with fibres originating from peripheral 
chemoreceptors; this was based on anatomical work by Barker et al. (1980) and Easton 
and Howe (1983) together with physiological experiments by Sapru and colleagues (Sapru 
& Krieger, 1977; Sapru et al., 1981). However, it was recently demonstrated, using laser 
confocal imaging techniques, that around 15% of the 50-80 fibres in each rat aortic nerve 
originate from the aortic bodies {Cheng et al., 1997b). 
Thus many of the studies which have documented the projection patterns of aortic nerve 
afferents to NTS have incorrectly assumed that the fibres were all barosensitive. With this 
caveat in mind, in the rat aortic nerve fibres enter the medulla 1.5-2 mm rostral to the 
obex, and traverse the ventral portion of the spinal nucleus of the trigeminal nerve before 
joining the tractus solitarius (Ciriello, 1983; Mendelowitz et al., 1992; Higgins et al., 
1984). The projection sites are approximately 85% ipsilateral and 15% contralateral, with 
the densest terminal fields occurring in the interstitial and dorsolateral NTS at the level of 
the obex, just dorsal to the tractus solitarius. However, there is also innervation more 
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caudally in the ventrolateral NTS and in the commissural nucleus (Ciriello, 1983; 
Mendelowitz et al., 1992; Higgins et al., 1984). 
Similar projection patterns were seen with the carotid sinus nerve in the rat, which 
contains both baroreceptor and chemoreceptor afferents; labelling was heaviest in the 
ipsilateral medial NTS (mNTS), though afferents were also found in the ipsilateral 
ventrolateral NTS and bilaterally in the commissural NTS (Seiders & Stuesse, 1984). 
Recent data reported by Dean and Seagard (1997) in the dog indicates that type I and type 
II carotid baroreceptor afferents may project to different regions of the NTS. Using c-fos 
immunohistochemistry and afferent fibre anodal blocking techniques they demonstrated 
that type I carotid baroreceptor fibres are localised primarily to the rostral dorsomedial 
nucleus, while type II baroreceptors were more widely distributed to the commissural, 
medial and dorsal subnuclei of the NTS. 
Response of NTS neurones to baroreceptor activation 
Since the evidence suggests that there are different types of baroreceptor afferents which 
encode different types of information about the pressure waveform, it is pertinent to ask 
how the NTS integrates this afferent input. However, while many studies have identified 
barosensitive NTS neurones, very few have investigated the transfer characteristics of 
afferent information to these neurones. Lipski et al. (1975) made electrophysiological 
recordings from NTS neurones in the cat. Their data revealed three types of NTS neurones 
which responded to a 200 mmHg step inflation of the carotid sinus: (i) spontaneously 
active neurones which gradually increased in their firing rate; (ii) spontaneously active 
neurones which showed an initial burst of increased activity at the onset of inflation of the 
carotid sinus; (iii) silent neurones which responded with an immediate burst of activity. 
The increase in activity in the latter two groups adapted during the pressure pulse; this 
may reflect either adaptation of the baroreceptor afferents themselves (Seagard et al., 
1990) or, alternatively, may be the result of either the intrinsic membrane properties of the 
neurones, or a recurrent, inhibitory central network effect (described in vitro by 
(Champagnat et al., 1986a). This is indirectly supported by the fact that the vast majority 
of NTS neurones do not show pulse rhythmic discharge at rest. 
In a study by Rogers et al. (1993) in rats, two groups of barosensitive NTS neurones 
(identified by stimulation of the aortic nerve) were categorised. The first group was silent 
at rest and responded to a small and specific range of arterial pressure, and so could be 
encoding pressure threshold. The second group showed a pressure-dependent increment as 
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blood pressure rose (phenylephrine induced) , or 
became silent when pressure fell; these 




Increasing arterial pressure results in a enhanced vagal drive to the heart, as well as 
inhibiting sympathetic outflow to both the heart and the vasculature. The parasympathetic 
responses are mediated via a pathway travelling from the NTS to the cardiac 
preganglionics located in the NA and DVN (see Section 1.1.3). On the sympathetic side, 
during a pressor response neurones in the NTS excite cells in the CVLM which in turn 
inhibit sympathetic premotor neurones located within the RVLM; these cells have an 
excitatory connection with sympathetic preganglionics located in the IML (see Section 
1.1.4 and Dampney, 1994; Sun, 1995 for reviews). 
Respiratory responses 
Stimulation of carotid sinus baroreceptor afferents in the dog has been reported to slow 
respiratory rate, by lengthening both expiratory and inspiratory duration, with little effect 
on respiratory tidal volume (Brunner et al., 1982; Hopp & Seagard, 1998). However, there 
is little evidence to suggest that baroreceptors project directly to respiratory neurones in 
the NTS. Indeed the pathways involved in the reflex changes in respiration due to 
baroreceptor activation are largely unknown, but are likely to involve excitation of Post-I 
neurones (Richter & Spyer, 1990). 
Physiological role 
The arterial baroreceptor reflex is one of the most important cardiorespiratory reflexes, as 
it acts on a beat by beat basis to maintain a stable arterial pressure. Since its gain is high it 
responds to alterations in arterial pressure extremely rapidly so maintaining blood pressure 
within narrow limits. However, the baroreceptor reflex can be modulated under certain 
conditions; for example it is inhibited during both the defence reaction (Mifflin et at, 
1988) and the inspiratory phase of the respiratory cycle (see Section 1.1.3 above). 
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1.3.2 The Cardiopulmonary Reflex 
J receptors and pulmonary vagal C fibre afferents 
An Indian physiologist called Paintal was the first to record the activity of unmyelinated 
vagal C fibres originating in the lung (Paintal, 1957; Paintal, 1955). In a later study he 
localised the site of these pulmonary receptor endings in the cat, to a region very close to 
the pulmonary capillaries; he named them `juxtapulmonary capillary receptors' or simply 
`J receptors' Paintal (1969). The vast majority of these afferent fibres are unmyelinated, 
have a conduction velocity between 0.8-7 m/sec (Paintal, 1969), are virtually silent at rest 
(-0.3 Hz), and have been named pulmonary vagal C fibres. Phenylbiguanide (PBG) is 
often used to evoke the cardiopulmonary reflex in the experimental animal; this substance 
has been shown to produce a sudden burst of impulses with a frequency of about 10-30 Hz 
which last for about two to four seconds in the vast majority of pulmonary C fibres 
(Paintal, 1973). 
NTS projection sites 
Pulmonary C fibres, like other pulmonary afferents, project to, and terminate in, the NTS. 
Specifically, they have been traced using an antidromic mapping technique based on 
identifying cell bodies in the nodose ganglion of cats following right atrial injection of 
PBG (Kubin et al., 1991); projections were described at the level of the obex to about 2 
mm rostral, in the dorsomedial portion of the NTS, and in the dorsal aspects of the 
commissural nucleus. Similarly, following injections of horseradish peroxidase (HRP) into 
the lung parenchyma of the cat, the NTS showed labelling extending from 3 mm rostral to 
2 mm caudal to obex, with the most intense staining within the ventrolateral and 
dorsolateral subnuclei, while the commissural NTS was less densely labelled (Kalia & 
Mesulam, 1980). 
In contrast, in the rat microinjection of small volumes (3-12 nl) of excitatory amino acids 
into the commissural region evokes ventilatory and cardiovascular responses characteristic 
of the cardiopulmonary reflex (see below), whereas microinjection of cobalt, to block 
synaptic transmission, causes a reversible blockade of the reflex evoked by PBG (Bonham 
& Joad, 1991). 
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Response of NTS neurones to pulmonary C fibre activation 
Two studies in the rat (Hines et aL, 1994; Wilson et al., 1996) and one in the mouse 
(Paton, 1998a) have described the firing properties of NTS neurones responding to right 
atrial injection of PBG. 
In the study by Hines et al. (1994), of the 54 NTS neurones tested, eleven neurones were 
excited and five were inhibited following stimulation of pulmonary C fibres. Of the eleven 
neurones which were excited, half were spontaneously active (discharge rate 1 Hz), with 
the discharge rate increasing by an average of 10 Hz after injection of 16 µg/kg PBG. The 
inhibited group of cells were reduced from a resting discharge rate of 4 to 2.5 Hz by PBG. 
In contrast, Wilson et al. (1996) recorded from 95 NTS neurones which were all excited 
by 1-5 gg/kg PBG; their resting discharge rate of 1.6 Hz increased to a peak response of 
27.2 Hz, with the duration of the entire increase in unit activity ranging from 1 to 56 
seconds. 
Finally, using a murine arterially perfused preparation (see Section 2.2 for a description), 
Paton (1998a) recorded from 30 NTS neurones which responded to 10-40 pg/kg PBG of 
which 27 were excited and three were inhibited. The majority of these cells had a sporadic 
discharge (2-9 Hz) following right atrial administration of PBG; peak firing frequencies 
ranged from 8-42 Hz, with the total response lasting between 3 and 21 seconds. 
Thus, compared to baroreceptive NTS neurones, cells receiving input from pulmonary C 
fibres can fire both at high frequencies and for prolonged periods oftime following 
stimulation of the peripheral receptors. This may account for the fact that the 
cardiopulmonary reflex is much more potent than the baroreceptor reflex. This is 
discussed further in Chapter 3. 
Reflex responses: 
(1) Cardiovascular reflex responses 
Brodie and Russell (1900b) were the first to demonstrate that stimulation of the central 
end of the pulmonary vagi produces a profound bradycardia and hypotension. In the same 
year Brodie (1900a) also reported that intravenous injection of serum or egg-white into 
cats caused bradycardia and hypotension, provided that the vagal branches of the lungs 
were intact. Five decades later, McIntosh and Paton (1949), while testing substances 
which liberate histamine, noted that certain diguanides, including the 5-HT3 agonist, PBG, 
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produced a similar cardiovascular response to the Bezold-Jarisch reflex (see Section 1.3.3 
below). 
Dawes and Mott (1950) further investigated the action of these substances and confirmed 
that, providing the vagi were intact, they caused marked bradycardia and hypotension, 
together with a transient inhibition of respiration. However, Dawes and Mott suggested 
that these responses were the result of the drugs acting at two sites: (i) bradycardia, 
hypotension and respiratory inhibition due to stimulation of receptors in the lungs; (ii) 
bradycardia and hypotension due to stimulation of cardiac receptors (i. e. Bezold - Jarisch 
reflex; see Section 1.3.3 below). Furthermore, they noted that injection of a drug into the 
right atrium produced a considerably greater reflex than that obtained following injection 
into the left atrium. With these observations in mind, the reflex evoked following right 
atrial injection of PBG has been aptly termed the cardiopulmonary reflex. 
Phenylbiguanide elicits similar patterns of response in the cat, rabbit and rat, but has little 
effect in the dog. However, capsaicin has been shown to activate J receptors in this species 
(e. g. Clozel et al., 1985). Inhalation of irritant vapours such as cigarette smoke (Lee et al., 
1989) and sulphur dioxide (Coleridge & Coleridge, 1984) also stimulates pulmonary C 
fibres. 
(2) Respiratory reflex responses 
The respiratory pattern of response following right atrial injection of PBG largely depends 
on the species and size of the dose; large doses produce a period of apnoea followed by 
rapid shallow breathing, whereas smaller doses evoke just the latter response. In the 
mouse, Paton (1998c) made extra- and intracellular recordings from neurones within the 
VRG while administering large doses of PBG (150 tg/kg) into the right atrium. He 
reported that PBG excited P-I neurones, leading to a reflex prolongation of post- 
inspiratory activity and a significant respiratory apnoea. 
However, Paintal (1973) took the view that the abrupt and intense stimulation of 
pulmonary C fibres by a bolus injection of chemical had no counterpart in nature and was 
likely to contribute `a strong artifactual element' to the reflex response; he suggested that 
rapid shallow breathing was the more likely outcome of J receptor stimulation. Recently, 
he has proposed that these receptors may also be responsible for dry cough, and the 
sensation of breathlessness after exercise (Paintal, 1995), and may also explain the 
sensation of dyspnoea in patients with congestive heart failure. 
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(3) Reflex somatic motor inhibition 
Two years after their original study, Dawes et al. (1952) reported that injection of PBG 
does not produce a reflex fall in pulmonary artery pressure. In addition, Barer and Nusser 
(1958) showed that there was no reflex fall in vascular resistance either. This means that 
the rise in pulmonary capillary pressure which stimulates J receptors is not corrected 
through reflex cardiovascular adjustments. In view of this fact, Paintal (1969) predicted 
that since exercise (see below) seems to be the initiating cause for the stimulation of J 
receptors, the reflex also has another pathway which causes inhibition of exercise itself. 
Indeed it was subsequently shown that injection of PBG reflexly inhibits somatic muscles 
(Deshpande & Devanandan, 1970); this inhibition sets in within a few seconds and lasts 
for between 30-60 seconds. Furthermore, they showed that this reflex pathway has 
important connections at higher levels since it was abolished by intercollicular 
decerebration, which does not abolish the visceral responses. This somatic component 
resulting from stimulation of J receptors is termed the J reflex. The J reflex was further 
investigated by a study in which exercise was evoked by stimulating the mesencephalic 
locomotor region in a decerebrate cat walking on a treadmill; right atrial injection of PBG 
inhibited these movements at short latency, as did inflation of a balloon to raise left atrial 
pressure (Pickar et al., 1993). Interestingly, the cardiac component of the reflex was not 
evoked under these conditions which suggests that it is gated to some degree during 
exercise. 
Physiological role 
The natural stimulus for J receptors is thought to be pulmonary congestion, which is 
associated with a rise in pulmonary capillary pressure leading to an increase in the 
interstitial volume. Thus J receptors are postulated to be interstitial stretch receptors 
(Paintal, 1969). Since J receptors signal a rise in pulmonary capillary pressure it is perhaps 
not surprising that these fibres are silent at rest. However, one would expect'them to be 
stimulated during exercise to varying degrees, depending on the intensity of exercise and 
the health of the individual. Indeed, it has been shown that during exercise pulmonary 
capillary pressure rises in man at sea level (Bevegard et al, 1963; Granath et al., 1964; 
Sapru et al., 1968), with much more severe effects at altitude (Paintal, 1995). Thus, it 
seemed likely that exercise would be limited in humans by the J reflex. However, a recent 
paper suggested that this is not the case since injections of lobeline, a supposedly selective 
stimulant of J receptors in humans, neither decreased the force of sustained contractions of 
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the elbow flexors at maximal or submaximal levels, nor disrupted walking (Gandevia et 
al., 1998). Thus while the evidence for the J reflex in anaesthetised and decerebrate cats is 
compelling, the work by Gandevia and colleagues suggests that in unanaesthetised 
humans it is absent. In this regard it is important to bear in mind that injection of PBG 
produces a sudden burst of impulses (10-30 Hz) in pulmonary C fibres which lasts for 
around two to four seconds (Paintal, 1973); however, this afferent burst does not resemble 
the type of activity that would be expected to occur under ordinary conditions of excitation 
(e. g. during exercise) but it does resemble the activity that has been recorded under 
conditions of severe pulmonary oedema (Paintal, 1969), which is the terminal stage of the 
severest form of pulmonary congestion. 
1.3.3 The Cardiac Receptor Reflex 
Left ventricular receptors and their afferents 
A year after Cyon and Ludwig reported the effects of stimulating the cranial end of the 
aortic nerve, von Bezold and Hirt (1867) described the reflex bradycardia and hypotension 
caused by injection of veratridine, a sodium channel opener. However, 70 years passed 
before this reflex was studied in greater detail by Jarisch and his colleagues in the late 
1930s and early 1940s. As a result of their work the reflex later became known as the 
Bezold-Jarisch reflex2. The site of action of veratridine was shown to be within the left 
ventricle by Dawes (1947) who evoked the reflex with an injection of veratridine, at a 
tenth of its minimum effective intravenous dose, directly into the anterior descending 
branch of the left coronary artery, which supplies the left ventricle. 
NTS projection sites 
Intracardiac injection of HRP in the cat produced dense afferent labelling both in the 
dorsolateral subnuclei of the NTS at the level of the obex, and in the commissural NTS 
(Kalia & Mesulam, 1980). In the mouse, neurones responsive to left ventricular injection 
2 It should be noted that the tenn'Bezold-Jarisch reflex' has been used (incorrectly) by many workers to 
describe the effects of right atrial injection of PBG (i. e. the cardiopulmonary reflex). Since this could 
potentially cause confusion, 'cardiac receptor reflex' will be used throughout this thesis instead of the more 
historically correct'Bezold-Jarisch reflex'. 
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of veratridine were located 0.6-1.2 mm caudal to the obex, 0.1-0.4 mm lateral to the 
midline and 0.15-0.48 mm below the dorsal surface (Paton, 1998a). Similar recording sites 
were reported for NTS neurones which responded to electrical stimulation of the cardiac 
branch of the vagus nerve in the cat, which may also contain pulmonary and oesophageal 
afferents (Donoghue et al., 1981; Bennett & Gardiner, 1985; Bennett et at, 1988). 
Reflex responses 
Veratridine is an exogenous chemical and is thought to be relatively unspecific in action. 
However, more naturally occurring substances such as bradykinin and adenosine, which 
are released during myocardial ischaemia (Kimura et al., 1973; Ustinova & Schultz, 
1994), also produce falls in heart rate and arterial pressure when injected into the coronary 
artery of the dog (Kaufman et al., 1980). In contrast, mechanical distension of the left 
ventricle evokes only a reflex depressor response (compare McGregor et al., 1986 with 
Tutt et al., 1988). Thus it has been proposed that there may be two modalities of cardiac 
reflexes originating from the left ventricle, an hypothesis that it is supported by data from 
our laboratory which indicates that the afferent fibres mediating these two modalities 
terminate on different populations of NTS neurones (Paton, 1998a). Furthermore, it has 
been estimated that 65% of canine ventricular receptors are chemically sensitive, 25% are 
mechanically sensitive, while only 10% are sensitive to both stimuli (Armour et al., 1994). 
Physiological role 
The physiological stimuli which activate cardiac vagal receptors are controversial (see 
Hainsworth, 1991). However, bradykinin and adenosine, which are released during 
myocardial ischaemia (Kimura et al., 1973; Ustinova & Schultz, 1994), and 
prostaglandins, which are released by mechanical distension of the left ventricle (Block et 
al., 1974), all activate cardiac receptors. Indeed, similar to the cardiopulmonary reflex (see 
above), stimulation of cardiac receptors produces somatic motor inhibition in 
mesencephalic cats, a reflex response that could protect an animal against excessive 
exercise (Pickar, 1997). Thus, these pathological conditions may act, via reflex pathways, 
to reduce both the pre- and afterload on the heart, and so may provide a protective 
mechanism against, for example, sudden cardiac death. In contrast, mechanically sensitive 
cardiac receptors, which converge with baroreceptor afferents in the NTS, may play an 
important role in maintaining circulatory homeostasis (Paton, 1998a). 
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1.3.4. The Peripheral Chemoreflex 
Carotid and aortic bodies and their afferents 
All mammals have carotid bodies. Indeed, their anatomical location has been known since 
the mid-eighteenth century when Haller (1762) described the presence of a ganglion in the 
intercarotid region. Aortic bodies are present in the cat and dog (Howe, 1956) and rat 
(Cheng et at, 1997a), but are absent in the rabbit and mouse (Easton & Howe, 1983). The 
afferent nerves which innervate the carotid bodies and aortic bodies run in the 
glossopharyngeal and vagal nerves respectively, the nerves that also carry the afferent 
fibres form baroreceptors located within the carotid sinus and aortic arch. 
NTS projection sites 
In the rat, injection of wheat germ agglutinin horseradish peroxidase directly into the 
carotid body labelled fibres which enter the dorsolateral medulla at the level of the facial 
nucleus and terminate in the NTS, predominantly ispilaterally but with some contralateral 
projection, from a level just rostral to the area postrema to the caudal commissural NTS 
(Housley et al., 1987; Finley & Katz, 1992). 
Reflex responses 
During hypoxia and hypercapnia peripheral chemoreceptors elicit a sympathetically 
mediated reflex constriction of resistance vessels (except in the skin), and constriction of 
the splanchnic capacitance vessels. In an artificially ventilated animal a modest 
bradycardia is also evoked (primary response). In spontaneously breathing animals this 
response is masked by the chemoreflex induced increase in tidal volume, which excites 
pulmonary stretch receptors; the evoked lung inflation reflex consists of a modest 
vasodilatation and a marked tachycardia, and the latter opposes the direct reflex 
bradycardia (secondary response; see de Burgh Daly, 1986 for review). 
Physiological role 
The chief role of peripheral chemoreceptors concerns the regulation of respiration, and at 
normal gas tensions they have little effect on the cardiovascular system. However, the 
cardiovascular components of the peripheral chemoreflex play in important role during 
asphyxia as they produce a rise in arterial pressure, which increases cerebral perfusion. 
The reflex is also important during severe haemorrhage; blood loss results in a reduced 
40 
perfusion of the chemoreceptor bodies, and the resultant `stagnant hypoxia' powerfully 
excites the chemoreceptors. 
Under certain anaesthetics, stimulation of carotid chemoreceptors in the rat and cat can 
also evoke the full cardiovascular pattern of the alerting response (i. e. splanchnic, renal 
and cutaneous vasoconstriction, vasodilatation in skeletal muscle and tachycardia, 
accompanied by an increase in cardiac contractility, venoconstriction and an increase in 
cardiac output; for review see Marshall, 1994). 
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1.4 
INTRINSIC MEMBRANE PROPERTIES OF NTS NEURONES 
1.4.1 Voltage- and Ca dependent K channels in the CNS 
It is now well established that neurones differ in the types and distributions of specific ion 
channels on their soma and dendrites (for reviews see Llinas, 1988; Connors & Gutnick, 
1990; Magee et al., 1998). These channels will determine a neurone's membrane potential, 
input resistance and time constant as well as its repetitive firing properties; these 
combined attributes will in turn determine the way a neurone transforms synaptic input 
into spike output. 
Potassium channels play a fundamental role in this process; Chapter 3 of this thesis 
investigates the role that potassium channels play in regulating NTS neuronal excitability. 
By way of an introduction, a brief description will be given of the physiology, 
pharmacology and genetics of potassium channels located in the central nervous system 
(CNS) in general, and the NTS in particular. 
Cloning of potassium channels using molecular genetic techniques has led to the 
identification of two large and distinct families (for review see Jan & Jan, 1997): channels 
which have six putative transmembrane-spanning segments in each of their four subunits 
(this family includes A-type [KA], delayed rectifier [KDR] and calcium-dependent 
potassium channels [Kca]); and channels which have only two putative transmembrane 
segments in each of the four subunits (inwardly rectifying potassium channels [KIRI). 
Three of these subtypes of potassium channel will be described in more detail: Kca and the 
voltage dependent potassium channels KA and KDR. 
Calcium dependent potassium channels 
In many vertebrate neurones an action potential is followed by an after-hyperpolarisation 
(AHP) that may persist for several seconds, producing profound consequences for the 
firing pattern of the neurone. The AHP may have several components. The fast component 
(fAHP) helps to repolarise the action potential and regulates spike duration, whereas the 
subsequent slow components (sAHP) underlie spike frequency adaptation (SFA; see 
Section 1.4.2). Each component of the AHP is kinetically distinct and is mediated by 
different Kca channels. 
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Kca channels have been divided into several groups based on their pharmacology, voltage 
dependence and single channel conductance (for review see Vergara et al., 1998; Sah, 
1996). Two types of Kca channels are particularly relevant to this thesis: channels which 
are blocked by the bee venom, apamin, and channels blocked by the scorpion toxin, 
charybdotoxin. 
Charybdotoxin sensitive channels 
Charybdotoxin is a 37 amino acid peptide isolated from the toxin of the Israeli scorpion, 
Leiurus quinquestriatus hebreus (first isolated by Gimenez-Gallego et al., 1988; for 
review see Miller, 1995) which blocks Kca channels with a big single channel conductance 
(BK; 100 - 200 pS). These channels require 1-10 tM intracellular calcium for activation, 
are voltage-dependent and underlie the fAHP which develops rapidly (1-2 msec) and 
decays within tens of milliseconds (Lancaster et al., 1991). 
Apamin sensitive channels 
Apamin is an 18 residue polypeptide isolated from the venom of the honeybee Apis 
mel ifera which blocks Kca channels with a small single channel conductance (SK; 5- 20 
pS; Blatz & Magleby, 1986). These channels are activated by 100-400 nM intracellular 
calcium, are voltage-independent (unlike BK channels) and contribute to the sAHP. The 
sAHP varies considerably in different cell types, activating slowly (10 to 1000 msec), and 
decaying over several seconds (Lancaster et at, 1991; Saha et at, 1995; Storm, 1988). 
Kea channels in NTS neurones 
There is a paucity of in vitro data describing the role of Kca in NTS neurones. Before the 
discovery of Kca antagonists, neurones located within the ventral NTS (Champagnat et al., 
1986b; Dekin & Getting, 1987a; Dekin & Haddad, 1990) and the rostral NTS (Tell & 
Bradley, 1994) were shown to possess Kca by the addition of either cobalt or cadmium to 
the superfusate, in order to prevent calcium entry, or by buffering intracellular calcium 
with chelators such as EGTA. More recently, two studies examined the effects of blocking 
Kcawith selective pharmacological antagonists in neurones from the dorsal NTS: using a 
brain slice preparation Paton et al. (1993) suggested that approximately 66% of NTS 
neurones contain apamin sensitive channels; in contrast, Moak & Kunze (1993) recorded 
from acutely dissociated NTS neurones and reported minimal effects with apamin, but 
much larger effects with charybdotoxin. 
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Voltage-dependent potassium channels (K) 
There is a large degree of diversity of Kv channels with at least 18 genes coding for 
different channel subunits expressed in the mammalian nervous system (Jan & Jan, 1997). 
This diversity is largely responsible for the wide variety of neuronal firing patterns that 
have been recorded in different regions of the CNS. 
A-type potassium channels 
One of the most important types of Kv channels are those that give rise to the A-current 
(first described by Connor & Stevens, 1971) -a transient outward potassium current 
which is activated by depolarising steps from holding potentials negative to the resting 
potential, and is rapidly inactivated. It is believed that the Kv4 proteins are the key 
components of the classical A-type potassium channels found in many neuronal somata 
(Serodio et al., 1996; Serodio et al., 1994). Indeed, in situ hybridisation histochemistry 
showed that Kv4 channels were located throughout the CNS, including dense staining in 
the NTS (Serodio & Rudy, 1998). 
Delayed rectifier potassium channels 
The delayed rectifiers'were first described by Hodgkin and Huxley (Hodgkin & Huxley, 
1952; Hodgkin, 1948) in the squid giant axon. These channels have since been shown to 
be ubiquitous in many excitable and non-excitable cells (for review see Rudy, 1988). They 
differ from KA channels in that they generally show delayed activation and slow 
inactivation, and are responsible for the repolarisation of the action potential. However, it 
is important to note that there is not one unique `delayed rectifier' channel; different 
tissues express delayed rectifiers with different biophysical and pharmacological 
characteristics. 
Kv channels in NTS Neurones 
Two studies have examined the biophysics and pharmacology of KA and KDR in neurones 
situated in cardiovascular regions of the NTS. 
Moak and Kunze (1993) enzymatically dissociated neurones from the medial and dorsal 
subnuclei of the NTS, and voltage-clamped neurones with a specific morphology, which 
they claimed received baroreceptor afferent fibres. K, 4 currents were present in 83 % of 
neurones which activated rapidly with a time to half peak of 2.4 ± 0.8 msec at 0 mV. The 
most rapid, and largest, component of the multi-exponential decay process had a decay 
range of 14-49 msec. Application of 5 mM 4-aminopyridine (4-AP) eliminated this current 
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revealing a tetraethyl ammonium-sensitive (TEA; 20 mM) KDR current. This current 
activated ten times more slowly than KA and did not inactivate during voltage steps of 300 
msec duration. 
Similarly, Paton and co-workers (1993) reported that 64 % of neurones located medial 
dorsomedial to the solitary tract in a horizontal slice were 4-AP sensitive. Typically, these 
currents activated rapidly with a time to half peak of 4 msec and fully inactivated within 
200 msec. Application of 4-AP revealed a more slowly activating, and non-inactivating 
KDR current. Neurones located within the ventrolateral NTS (i. e. in the DRG) also contain 
4-AP sensitive and insensitive K" channels (Champagnat et al., 1986b; Dekin & Getting, 
1984; Dekin & Getting, 1987a). 
Dendrotoxin blocks Kv in CNS neurones 
Dendrotoxin (DTX) has not been used previously in the NTS, but was utilised in this 
study. Dendrotoxin, a 59 amino acid polypeptide isolated from the venom of the black 
mamba snake (Dendroaspis vulgaris; (Harvey & Karlsson, 1980), has been reported to 
preferentially reduce a transient K conductance with kinetics and 4-AP sensitivities 
separate from the classical, transient A-type channels (Halliwell et al., 1986; Storm, 1988; 
Wu & Barish, 1992; Hoffman et al., 1997). 
1.4.2 Repetitive Firing Properties of NTS Neurones In Vitro 
It is only relatively recently that the repetitive firing properties of neurones located within 
cardiovascular regions of the NTS have been investigated in any great detail. However, 
respiratory physiologists have made significant headway in describing these 
characteristics in neurones responsible for the regulation of the respiratory rhythm located 
within the dorsal and ventral respiratory groups. 
Firing properties of neurones in the ventrolateral NTS (DRG) 
The first detailed description of firing properties of neurones in the ventrolateral NTS was 
in the guinea pig (Dekin & Getting, 1984; Dekin & Getting, 1987a; Dekin et al., 1987b). 
Using an in vitro approach Dekin et al. (1987b) categorised three groups of anatomically 
distinct neurones based on their repetitive firing properties: type I neurones responded to 
prolonged depolarisations with a discrete, high-frequency burst of spikes, which rapidly 
adapted to a low steady-state level; type II neurones showed less adaptation than type I 
neurones and displayed a prominent delayed excitation (see below) when exposed to a 
45 
hyperpolarising prepulse; type III neurones displayed high-frequency firing with little 
adaptation. Haddad & Getting (1989) found a somewhat different distribution of repetitive 
firing properties among ventrolateral NTS neurones in the rat, and they classified neurones 
into two, rather than three, types. 
Firing properties of neurones in the dorsal and dorso-medial NTS 
Similar repetitive firing characteristics to those seen by Getting and co-workers have since 
been reported in neurones from cardiovascular regions of the NTS, and have also been 
modelled mathematically (Schwaber et al., 1993; Schild et al., 1993). These are: 
(l) Delayed excitation (DE) 
DE is a voltage-dependent delay in the onset of an action potential in response to injection 
of positive current following a hyperpolarising prepulse; it is seen in some, but not all, 
NTS neurones (Johnson & Felder, 1993; Sundaram et al., 1997; Paton et al., 1993), and is 
thought to be a manifestation of the A-current (see Section 1.4.1 above). 
(2) Post-inhibitory rebound (PIR) 
PIR is an excitatory response following a period of hyperpolarisation, and is seen in a 
small number of NTS neurones (Johnson & Felder, 1993; Paton et al., 1993). It has been 
proposed that in neurones which are subject to potent, tonic inhibitory influences from 
higher centres, the effect of PIR may be to accentuate the neuronal response to a sudden 
burst of excitatory input (Johnson & Felder, 1993). 
(3) Spike-frequency adaptation (SFA) 
SFA can be defined as an increase in the inter-spike interval during a prolonged period of 
depolarisation (Paton et al., 1993; Johnson & Felder, 1993; Sundaram et al., 1997; Schild 
et al., 1993). Ka currents underlie SFA; prolonged depolarisation of a neurone can result 
in significant calcium entry which activates Kca channels. These currents act to dampen 
down the neurone's excitability, and so limit the number of action potentials transmitted 
through the NTS (Champagnat et al., 1985). 
(4) Post-tetanic hyperpolarisation (PTH) 
Similarly, PTH, a hyperpolarisation following a period of repetitive action potential 
discharge resulting from a depolarising current injection (Johnson & Felder, 1993; Paton 
et al., 1993; Sundaram et al., 1997), is also due to Kca channels. 
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1.5 
ROLE OF GABA AND NEUROKININ- I RECEPTORS IN THE 
NTS 
Section 1.4 attempted to demonstrate that the intrinsic membrane properties of an NTS 
neurone will play an important role in determining its sensitivity to synaptic input. 
Clearly, however, neurones do not receive afferent input from only one source. Rather, 
they are part of a dynamic network of synaptic interactions which in the anaesthetised 
animal, and to a lesser extent in reduced in vitro preparations, are both tonically and 
phasically active. Thus, a neurone's likelihood of discharging an action potential 
following a synaptic input will depend not only on its intrinsic level of excitability, but 
also on the ratio of incoming excitatory versus inhibitory events. The role of two 
neurotransmitter receptor proteins are particularly relevant to this thesis: neurokinin-1 
(NKi) receptors, which exert excitatory effects on NTS neurones via modulation of 
potassium channels; and GABA receptors which mediate inhibitory effects. 
1.5.1 Neurokinin-1 Receptors in NTS 
Substance P was first isolated by von Euler & Gaddum (1931) from equine brain. In the 
early 1980s two similar peptides were isolated in mammals (for review see Routh & 
Heike, 1995), which were named neurokinin A (NKA) and neurokinin B (NKB). 
Substance P, NKA and NKB, which are collectively known as the tachykinins, were 
thought for many years to act on NKI, NK2 and NK3 receptors respectively (for review see 
Regoli et al., 1991; Routh & Heike, 1995). However the dogma of three different 
tachykinin peptides acting on three distinct receptors has recently been challenged (for 
review see Maggi & Schwartz, 1997), and it is likely that these agonist-receptor 
interactions are not as specific as was first thought. 
Although one of the sensory functions of substance P is thought to be related to the 
transmission of pain to the CNS, there is now also considerable evidence to support a 
functional involvement of this substance in cardiovascular control at the level of the NTS. 
Substance P is found in vagal afferents 
Numerous investigators have proposed that substance P is one of the neurotransmitters 
contained within primary afferent baro- and chemoreceptor terminals in the NTS (Gillis et 
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at, 1980; Helke et at, 1980; Jacobowitz & Helke, 1980; Helke & Hill, 1988) as well as in 
vagal afferents terminating within the NTS (Sykes et at, 1994). However, it has been 
calculated recently that only 15% of carotid sinus nerve terminals in the dorsolateral NTS 
were immunoreactive for substance P (Blinder et at, 1998). Furthermore, both 
substance P and NKA are also present in fibre terminals within the NTS (Saha et al., 
1995; Blinder et at, 1998) and have been found to be co-localised with glutamate (Saha et 
al., 1995). 
NKl receptors are found in the NTS 
Autoradiographic studies have detected the presence of NKl receptors in the NTS (Mantyh 
et al., 1989; Saferoy et al., 1988). Furthermore Watson et al. (1995) showed that there was 
dense binding of [3H] substance P in the NTS of the ferret which was displaced by the 
selective NKl antagonist CP-99,994. Specific NKl receptor agonists, as well as 
substance P and NKA, have also been shown to depolarise rat NTS neurones in vitro, 
effects that could be blocked with selective NKl receptor antagonists (Maubach & Jones, 
1997). 
Microinjection of tachykinins into NTS 
Microinjection of substance P and its related agonists into the NTS have been reported to 
both increase and decrease resting arterial pressure and heart rate; however, many of these 
studies used large microinjection volumes which would produce a radius of drug action of 
several millimetres (for discussion see Sapru, 1994). This is important when one considers 
that substance P has been shown to be five times more effective at depolarising neurones 
in the DVN than the NTS (Maubach & Jones, 1997). However, in one carefully controlled 
study in which small volumes (50 nl) were microinjected into the NTS, stimulation of NKi 
receptors, but not NK2 nor NK3 receptors, with specific agonists produced potent depressor 
and bradycardic responses (Feldman, 1995), which could be prevented by prior 
microinjection of an NKl antagonist. However, microinjection of the antagonist alone 
affected neither resting arterial blood pressure nor heart rate, suggesting that NKl 
receptors are not under tonic input. 
Physiological role of NK, receptors in NTS 
There are conflicting reports in the literature concerning the role of substance P in 
baroreceptor reflex function. Morilak et al. (1988) electrically stimulated the aortic 
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depressor nerve in the rabbit and, using in vivo microdialysis techniques, reported a 
significant increase in substance P release. Moreover, microinjection of substance P into 
the floor of the fourth ventricle of the rabbit (Martini et al., 1995), and directly into the 
NTS of the rat (Chan et al., 1990; Chan et al., 1995), enhanced the baroreceptor reflex. In 
contrast, Feldman, (1995) reported that microinjection of both broad spectrum neurokinin 
receptor antagonists, and specific NKl antagonists, into the NTS had no effect on the 
baroreceptor reflex. Similarly, intravenous administration of CP-99,994 had no effect on 
the cardiopulmonary reflex evoked in the ferret (Watson et al., 1995). 
Another possible role for tachykinin receptors in the NTS is as a mediator of emesis; 
substance P antagonists reduce retching in ferrets with the most likely site of action being 
the NTS (Bountra et al., 1993; Mansour et al., 1993). However, since tachykinin receptors 
have been located within the rat NTS (Mantyh et al., 1989), a species that does not vomit, 
it is unlikely that these proteins are involved only in emesis. 
Mechanisms of action of NK1 receptor stimulation 
Application of substance P has been reported to evoke prolonged, slow depolarisations in 
NTS neurones in vitro (Jacquin et al., 1989). These EPSPs were of similar time course to 
those recorded in some NTS neurones following electrical stimulation of the vagus nerve 
(Paton, 1997a). The excitatory effects of activation of NK1 receptors have been reported to 
be mediated by two mechanisms: 
(i) Substance P has been shown to attenuate potassium conductances in NTS neurones 
(TEA sensitive; Jacquin et al., 1989), dorsal vagal motorneurones (Martini-Luccarini et 
al., 1996) and sympathetic neurones (muscarine sensitive potassium channel; Adams et 
al., 1983), as well as blocking a calcium-dependent potassium conductance in myenteric 
neurones (sAHP; Morita & Katayama, 1992). Furthermore, substance P has been reported 
to open cation channels, and close potassium channels in locus coeruleus neurones (Shen 
& North, 1992). 
(ii) NKl receptor agonists enhance the responsiveness of dorsal horn neurones to 
iontophoretic application of excitatory amino acids (Chizh et al., 1995; Rusin et al., 1992; 
Rusin et al., 1993), which may be mediated by increases in protein kinase A and/or C 
activity (Rusin et al., 1992). However, it is interesting to note that slow potentials 
recorded in NTS neurones in vitro were resistant to co-application of the glutamate 
receptor antagonists CNQX and AP7 (Fortin et al., 1992). 
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1.5.2 GABA Receptors in NTS 
GABA is a major inhibitory neurotransmitter within the CNS, and as such plays a vital 
role in the control of neural networks. GABAA receptors are generally located 
postsynaptically, and, when activated, mediate a chloride conductance. Conversely, 
GABAB receptors are predominantly located presynaptically and act to inhibit transmitter 
release via a reduction in calcium conductance and/or an increase in potassium 
conductance (for review see Pratt & Bowery, 1989). Both GABAA and GABAB receptors 
have been found in equal densities within the rat NTS using radioactive ligand binding 
techniques (Bowery et al., 1987). 
GABA containing interneurones are found in the NTS 
Various workers have used immunocytochemical techniques to localise GABA and its 
biosynthetic enzyme, glutamic acid decarboxylase (GAD) throughout the NTS (for review 
see Sved, 1994). Indeed this technique, when combined with electron microscopy, clearly 
demonstrates the presence of GABA containing terminals within the NTS of rat (Hwang 
& Jang-Yen, 1984). 
Effects of microinjecting GABA agonists and antagonists into NTS 
Microinjection of either GABAA or GABAB receptor agonists into the NTS evokes an 
increase in arterial pressure with variable effects on heart rate (Catelli et at, 1987; Sved & 
Sved, 1989; Sved & Tsukamoto, 1992). Furthermore, microinjection of both GABAA and 
GABAB receptor antagonists into the NTS results in a fall in arterial pressure indicative of 
a role for endogenous GABA, acting on both GABAA and GABAB receptors, in 
cardiovascular control (Sved & Sved, 1990; Catelli et al., 1987; Kubo & Kihara, 1987; 
Sved & Tsukamoto, 1992). 
Role of GABA receptors in reflex cardiovascular control 
Role of GABA receptors in controlling the baroreceptor reflex 
Stimulation of the aortic nerve evokes a reflex fall in heart rate which can be attenuated by 
microinjection of baclofen, a GABAB agonist, and completely blocked by microinjection 
of muscimol, a GABAA agonist, into the NTS (rats: Kubo & Kihara, 1988; Sved & 
Tsukamoto, 1992). Similarly, injection of phenylephrine raises arterial pressure evoking a 
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reflex bradycardia which is potentiated by bicuculline and attenuated by both muscimol 
(rats: Okada & Bunag, 1995) and baclofen (rats: Florentino et at, 1990). 
Bennett et al. (1987) made extracellular recordings from NTS neurones in the cat which 
were activated by electrical stimulation of the aortic nerve and/or the cardiac or pulmonary 
branches of the vagus nerve. Both the spontaneous and evoked activity of each neurone 
was reduced following iontophoretic injection of GABA, effects which were antagonised 
by concomitant application of bicuculline. A year later similar effects were reported for 
NTS neurones activated by electrical stimulation of the carotid sinus nerve in the cat 
(McWilliam & Shepheard, 1988). Analogous effects have been obtained in both the rat 
(Ruggeri et at, 1996) and rabbit (Suzuki et at, 1993) for NTS neurones responding to 
phenylephrine induced rises in arterial pressure. 
Furthermore, in the cat, iontophoretic injection of bicuculline reduced the efficacy of 
hypothalamic inhibition of both spontaneous and baroreceptor evoked activity ofNTS 
units (Jordan et al., 1988). 
Role of GABA receptors in controlling the cardiopulmonary reflex 
Vardhan et al. (1993) demonstrated that bilateral microinjection of muscimol into the NTS 
0.5 mm rostral to calamus scriptorius abolished the reflex responses to right atrial 
injection of PBG in the rat. Similarly, Seifert & Trippenbach (1995) demonstrated that 
microinjection of baclofen into similar regions of the NTS reduced the reflex bradycardia 
and apnoea, but left the depressor response unaffected. Moreover, microinjection of the 
GABAB antagonist, CGP 35348, prevented the attenuating effect of baclofen, but had no 
effect on the reflex when microinjected alone; this suggests that GABAB receptors are 
present in NTS neurones which mediate the reflex, but are not activated during the reflex 
response. 
Role of GAGA receptors in controlling other cardiorespiratory reflexes 
Microinjection of bicuculline into the NTS attenuated the tachycardia associated with the 
defence reaction in the rat (Kunos & Varga, 1995). Similarly, microinjection of 
bicuculline into the NTS blocked the tachycardia/pressor response elicited by stimulation 
of either lobule IXb of the cerebellum (Paton & Spyer, 1990c) or the parabrachial nucleus 
(Paton et al., 1990b) in the decerebrate rabbit. 
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Investigations into GABAergic mechanisms in NTS neurones in vitro 
GABAA receptors 
GABA-mediated currents have been recorded in acutely dissociated NTS neurones from 
guinea pig (Drewe et al., 1988) and rat (Nakagawa et al., 1991) which were blocked by 
picrotoxin and bicuculline respectively. 
Andresen & Yang (1995) used a horizontal slice preparation of rat NTS which allows the 
solitary tract to be electrically stimulated 1-3 mm away from the intracellular recording 
electrode; this technique increases the likelihood of stimulating afferent fibres rather than 
intrinsic NTS neurones. Three types of synaptic events were evoked: simple excitatory 
postsynaptic potentials (EPSPs), simple inhibitory postsynaptic potentials (IPSPs), and 
complex EPSP-IPSP sequences. The simple IPSPs occurred at double the latency of the 
simple EPSPs, could be blocked by bicuculline, and had a reversal potential of -63 mV 
suggesting that they were mediated by GABAA receptors. However, the non-NMDA 
antagonist, CNQX, also blocked these IPSPs, suggesting that inhibitory interneurones are 
driven from primary afferent fibres within the solitary tract via a polysynaptic pathway. 
GABAB receptors 
Baclofen has been reported to have two effects in medullary slices: (i) at low doses 
(< 1 µM) it acts presynaptically to reduce the amplitude and frequency of both 
spontaneous and solitary tract evoked EPSPs and IPSPs; (ii) at high doses it acts 
postsynaptically to hyperpolarise NTS neurones (Brooks et al., 1992). This suggests that 
not only is there a GABAB presynaptic modulation of excitatory amino acid release, but 
also that there is a GABAB presynaptic modulation of GABA release onto GABAA 








There is limited information concerning reflex control of the circulation in the mouse 
(Desai et al., 1997; Eglen et al., 1994) compared with other species (see Spyer, 1990; 
Spyer, 1994; Sun, 1995 for review). This may relate to its small size which restricts the 
level of complexity of investigations in vivo. The main advantage of utilising mice is the 
increasing number of genetically modified strains which may provide valuable 
information about central neuronal mechanisms involved in cardiorespiratory control. 
Recently, a novel arterially perfused mouse preparation was developed that circumvents 
many of the technical problems associated with studies in vivo (Paton, 1996a). This 
preparation was named a working heart-brainstem preparation (WHBP) and has been 
successfully employed in studies investigating the medullary respiratory rhythm generator 
in adult mice (Paton, 1997b; Paton, 1996b). In addition to this central system, the WHBP 
also contains many cardiorespiratory reflexogenic areas, such as baroreceptors and 
peripheral chemoreceptors, as well as their afferent and motor pathways. In this regard, the 
WHBP has the potential to permit studies on functionally characterised brainstem 
"cardiovascular" neurones based on their orthodromic and/or antidromic activation. These 
studies could potentially utilise either conventional pharmacological approaches or gene- 
targeted animals. However, the functional integrity of the cardiorespiratory reflex 
pathways in the WHBP needed to be demonstrated (Section 2.3) before investigations 




2.2.1. In Vivo Anaesthetised Mice 
Surgical procedures 
Mice (P21-56; NIH and MF1; 15-28g) of either sex were anaesthetised with urethane (1.5- 
1.9 g/kg ip). The level of anaesthesia was assessed by a weak or absent withdrawal reflex 
to pinching of a toe or the tail. The trachea was intubated and the animals breathed 
spontaneously. The left common carotid artery and the right atrium (via a jugular vein) 
were cannulated for measuring arterial pressure and administration of drugs respectively. 
The animals' temperature was monitored and maintained at 37.5 ± 0.5 °C using a heating 
plate. 
Monitoring of cardiorespiratory variables 
The electrocardiogram (ECG) was recorded via stainless steel pins placed subcutaneously 
in a fore- and hindlimb, and the signal was amplified and filtered (Neurolog modules 104 
& 125; 3 Hz -3 kHz). The ECG signal was passed through a window discriminator which 
generated TTL pulses. A ligature was tied around the animal at the abdomen-thoracic level 
and attached to a strain gauge to monitor respiratory-related movements. Recordings of 
arterial pressure, heart rate (derived from the inter-TTL pulse intervals) and thoracic 
movements were relayed to a Cambridge Electronic Design (CED) 1401 interface and 
displayed on a computer monitor and stored digitally (CED; Spike2). In studies where 
cardiac receptors were stimulated, animals were paralysed (vecuronium bromide, 30-40 
gg iv; Norcuron Organon Teknika) and ventilated artificially. The ventilator was set so 
that the chest movement (i. e. tidal volume) and rate matched that recorded with the strain 
gauge during spontaneous breathing. 
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Stimulation of cardiorespiratory receptors 
1) Baroreceptor reflex 
The baroreceptor reflex was evoked with an intravenous injection of an at adrenergic 
receptor agonist, phenylephrine (PE; 15-50. tg/kg; Sigma), which was used to induce a 
rise in arterial pressure to stimulate baroreceptors. This method of baroreceptor 
stimulation is commonly used and accepted (for example: Kasparov & Paton, 1997a; 
Rogers et al., 1993). The evoked reflex bradycardia and respiratory changes were 
measured. Since we were predominantly interested in reflex cardiac vagal responses, and 
since there appears to be no cardiac vagal tone in the mouse in vivo (Desai et al., 1997; 
also confirmed in the present study - see below), the reflex cardiac changes induced by 
lowering arterial pressure were not investigated. In all animals, appropriate doses were 
used to ensure that measurements were made from the linear part of the baroreceptor 
reflex sensitivity curve. 
2) Cardiopulmonary reflex 
Right atrial injection of PBG (20,30 and 40µg/kg bolus; Sigma) warmed to ~ 33 °C was 
used to stimulate pulmonary C fibres (i. e. "J" receptors). In all post-mortem examinations 
the tip of the cannula was confirmed to be within the right atrium. Control injections using 
similar volumes of saline had no reflex effects on any of the variables recorded. 
3) Peripheral chemoreceptor reflex 
In five animals the cranial end of the right carotid artery was also cannulated to allow 
administration of 10-20 µl of 0.05-0.1 % sodium cyanide solution to stimulate the 
peripheral chemoreceptors. 
4) Cardiac receptor reflex 
Following a midline incision through the sternum, veratridine (1-2 tg/kg) was injected 
either into the pericardial sac around the left ventricle directly, or transmyocardially into 
the left ventricle via a cannula and hypodermic needle (25G). In these experiments, mice 
were paralysed and ventilated artificially; spontaneous respiration could not be measured 
in these experiments. An end-expiratory pressure of approximately 2 cm H2O was 
maintained. 
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2.2.2. The Working Heart - Brainstem Preparation3 
Surgical procedures 
Identical mice to those used above were anaesthetised deeply with either ether or 
halothane. Once the animal failed to respond to a noxious pinch of a paw or the tail it was 
bisected sub-diaphragmatically and its upper body placed in ice-chilled artificial 
cerebrospinal fluid (ACSF) gassed with 95 % oxygen and 5% carbon dioxide (carbogen). 
Mice were decerebrated at the precollicular level using aspiration through a parietal 
craniotomy. The preparation was skinned before transferring to a recording chamber. The 
descending aorta was cannulated (outside diameter: 0.8-1.0 mm) and perfused at 18-22 
mls/min with carbogen gassed solution (see below) using a roller pump (Figure 3). The 
perfusate was warmed to 31 °C, filtered through 100 gm and 40 µm pore size mesh filters 
(Millipore, swinnex type) and passed through two bubble traps to remove gas bubbles and 
dampen pulsations originating from both the pump and heart (Figure 3). In all 
experiments, both vagi were isolated and prepared for subsequent sectioning. Perfusion 
pressure was monitored close to the tip of the perfusion cannula. In many experiments 
either one or two cannulae (outside diameter: 0.63 mm) were placed into the right atrium 
via the inferior vena cava to record pressure and/or inject drugs (Figure 3). 
Monitoring of card iorespiratory variables: 
Left ventricular pressure was recorded transmyocardially via a stainless steel cannula 
(25G hypodermic needle) placed through the apex of the heart. This cannula was fitted 
with a side arm to allow injection of either perfusate, to raise left ventricular pressure, or 
drugs to stimulate cardiac receptors (Figure 3). Perfusion pressure was set between 85-95 
mmHg by adjusting flow rate. At this flow, right atrial pressure was 5-8 mmHg and left 
ventricular pressure was 80-90 mmHg (see Figure 3 and Paton, 1996a). Pressure signals 
were transduced (Gould Statham), amplified and displayed (Gould TAI 1). The ECG was 
recorded using a glass microelectrode (200 µm tip diameter) filled with saline and placed 
on the outer chest wall. Central respiratory activity was either recorded from a phrenic 
nerve via a suction electrode, or using a bipolar concentric EMG electrode placed into the 
diaphragm. The phrenic motor pattern was used to gauge the adequacy of oxygenation of 
the brainstem and the viability of the preparation as described earlier (Paton, 1996b; 
These experiments were carried out by Dr. J. F. R Paton 
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Paton, 1996a). In six WHBPs the recurrent laryngeal nerve was recorded simultaneously 
with the phrenic nerve via a second suction electrode. Both the ECG, phrenic and 
recurrent laryngeal nerve discharges (or diaphragmatic EMG) were amplified and filtered 
(Neurolog modules; NL 104 & 125). Heart rate was derived from the ECG as described 
above for anaesthetised mice. 
Stimulation of cardiorespiratory receptors 
1) Baroreceptor reflex 
Baroreceptors were stimulated by transient increases in perfusion pressure. Prior to its 
entrance into the descending aorta, the perfusion cannula bifurcated (Figure 3) with a 
branch to the descending aorta and another to a bypass circuit (Figure 3). Flow in the 
bypass line was controlled by an adjustable resistor. Increasing resistance to flow on the 
bypass increased perfusion pressure. Alternatively, increasing the flow rate of the 
perfusion pump also produced pressor responses. 
2) Cardiopulmonary reflex 
It should be emphasised that there is a venous return in the WHBP via the superior vena 
cava. This produced a pulsatile right atrial pressure (mean: 4-8 mmHg) to perfuse the 
pulmonary circulation and fill the left ventricle (Paton, 1996a). Right atrial injection of 
PBG (1-2 µg) was used to activate pulmonary C fibres (Figure 3). Since injection of PBG 
into the right atrium will cause a transient elevation of pressure within this chamber, 
comparable volumes of perfusate (50-200 µl) were injected to increase right atrial pressure 
to similar levels as a control for co-activation of right atrial stretch receptors. 
3) Peripheral chemoreceptor reflex 
Sodium cyanide (0.05 %; 50-200 µl) was injected into the descending aorta via a side arm 
port of the perfusion cannula (Figure 3). Since arterial perfusion is retrograde in the 
descending aorta in the WHBP (Figure 3), sodium cyanide delivered into the perfusate 
was carried in the arterial circulation to stimulate the carotid body chemoreceptors. There 
appear to be no aortic chemoreceptors in the mouse (Hollinshead, 1941). 
4) Cardiac receptor reflex 
Cardiac receptors were stimulated chemically by injection of 50 µl solutions of either 
veratridine (1-2 gg/kg), bradykinin (0.25-1 µg) or prostaglandin E2 (PGE2; 100-200 ng) 
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over a 1-2 sec period directly into the left ventricle via a transmyocardial cannula (Figure 
3). Doses of veratridine were based on previous reports (de Burgh Daly, 1991; Dawes, 
1947) whereas the doses of bradykinin and PGE2 were derived from physiological levels 
measured during myocardial ischaemia (Ustinova & Schultz, 1994) and distension of the 
left ventricle (Block et al., 1974) respectively. As a control for specificity, veratridine (1-2 
µg/kg) was also injected into the perfusion cannula. Stimulation of both cardiac receptors 
and pulmonary C fibres was only repeated after 7-10 minute intervals to prevent 
tachyphylaxis. 
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At least three trials per reflex per preparation were averaged. Control levels of respiration 
were averaged for at least ten cycles per preparation. Peak response data are quoted for 
reflex changes in cardiac rate, arterial pressure and inspiratory frequency and amplitude. 
Baroreceptor reflex sensitivity was calculated by measuring the bradycardic response 
during the rising phase and peak response in arterial/perfusion pressure, and was 
expressed as bpm/mmHg. Similarly, the baroreceptor reflex increase in respiratory cycle 
length is expressed in msec/mmHg (i. e. increase in cycle length divided by the magnitude 
of the pressor response). The CED Spike 2 program that was written for off-line analysis 
is contained in Appendix I. All data are expressed as the mean ± the standard error of the 
mean; a Student's t-test was used to test statistical significance using paired and unpaired 
data. 
2.2.4. Solutions and Drugs 
For the WHBP the constituents of the a-csf were in mM: 10 dextrose; 125 NaCl; 
24 NaHCO3; 5 KCI; 2.5 CaC12; 1.25 MgSO4; 1.25 KH2PO4. The perfusate consisted of the 
ACSF plus 2.0-2.2 % dextran, an antibiotic cocktail containing penicillin (50 units/1) 
streptomycin (0.05 mg/1) and neomycin (0.1 mg/1) and in some preparations vecuronium 
bromide (0.04 pg/ml; Norcuron Organon Teknika) to block neuromuscular transmission. 
At this dose, vecuronium had a minimal effect on cardiac vagal motor transmission. 
Perfusate osmolarity was 298 ±5 mosm/kgH2O and on gassing with carbogen the pH was 
7.35 ± 0.05. Sodium cyanide (1-10 µg), PBG (0.4-2 µg), veratridine (1-2 gg/kg), 
bradykinin (0.25-1 µg) and PGE2 (100-200 ng) were warmed to preparation temperature 
prior to usage. Atropine sulphate (WHBP, 3µg/ml; in vivo, 1 mg/kg) and atenolol 
hydrochloride (WHBP, 200 ng/ml; in vivo, 1mg/kg) were used to block vagal and 
sympathetic influences on heart rate respectively in three mice of each preparation. 
Atenolol was given first in all experiments. Unless stated, all drugs were from Sigma. 
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2.3. 
COMPARISION OF CARDIORESPIRATORY REFLEXES EVOKED 
IN THE WHBP AND THE ANAESTHETISED MOUSE 
2.3.1. Introduction 
The purposes of this study were two fold: first, to investigate the presence and 
performance of several important cardiorespiratory reflexes in anaesthetised mice; and, 
second, to compare qualitatively these reflexes with those evoked in the WHBP. It should 
be emphasised that a quantitative comparison was not our intention because of the 
profound experimental differences between the two preparations. 
2.3.2. Results 
Resting cardiorespiratory activity in anaesthetised mice 
In 17 mice mean arterial pressure (MAP) was 69 ±4 mmHg and resting heart rate (HR) 
was 571 ± 13 bpm. Respiratory frequency was 2.8 ± 0.3 Hz (332 ± 31 msec cycle length) 
with an inspiratory duration of 90 ±7 msec; this gave an inspiratory : total respiratory 
cycle time of 21.4 %. Administration of the ßl adrenoceptor antagonist, atenolol, produced 
a significant decrease in HR (from 595 ±9 to 390 ±7 bpm; n=3; P<0.05) which was 
unaffected by subsequent administration of atropine (n = 3). No ongoing sinus arrhythmia 
was detected in spontaneously breathing mice. 
Resting cardiorespiratory activity in the WHBP 
In 43 WHBPs at 31 °C, perfusion pressure averaged 89 ±3 mmHg and HR was 
353 ±6 bpm. Cardiac rate decreased by 127 ±4 bpm following blockade of ßi- 
adrenoceptors with atenolol, which was indicative of centrally generated cardiac 
sympathetic activity. There was also some vagal tone, since administration of atropine 
produced a tachycardia of 42 ±3 bpm. In 22/43 preparations a spontaneous sinus 
arrhythmia was observed which ranged from 35-195 bpm (mean 46 ±7 bpm; Figures 4,6, 
7& 8). In all WHBPs, phrenic efferent nerve activity displayed an inspiratory burst of 
680 ± 11 msec in duration. Importantly, the motor pattern of the inspiratory discharge 
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augmented (Figures 4,6,7 & 8) and was similar to that recorded from anaesthetised 
spontaneously breathing mice of a similar age (Paton, 1996b) suggesting adequate 
brainstem oxygenation. Inspiratory discharges occurred at 19.2 ±3 bursts per minute (or 
0.32 ± 0.05 Hz) giving a similar inspiratory : total respiratory cycle time ratio to urethane 
anaesthetised mice (i. e. 20.2%; see above). In some preparations post-inspiratory 
discharge was seen in the phrenic neurogram with a mean duration of 111 ± 14 msec (n = 
22). However, consistent with previous studies, post-inspiratory activity was not always 
measurable in the phrenic motor outflow of the mouse (Paton, 1996b). In contrast, post- 
inspiratory activity was displayed consistently in the recurrent laryngeal nerve (1.5 ± 0.1 s; 
n=6; Figure 6). In both phrenic and recurrent laryngeal nerves post-inspiratory discharge 
decremented. Inspiratory activity of the recurrent laryngeal nerve preceded the onset of 
phrenic nerve activity by 71.4 ± 3.9 msec. 
Cardiorespiratory reflexes in anaesthetised mice 
Chemical stimulation of cardio-reflexogenic regions in the anaesthetised mouse were 
limited (maximally 4 challenges) since multiple injections of either phenylephrine, PBG 
or veratridine became ineffective and were deleterious to the preparation. Either one or 
two different reflexes were tested per animal. In contrast, we were unsuccessful in 
stimulating peripheral chemoreceptors with sodium cyanide injections into the carotid 
body via the common carotid. This procedure proved fatal to the preparation almost 
certainly because of the low circulating blood volume and the toxic nature of the 
stimulant. 
1) Baroreceptor reflex (n = 12) 
Increases in MAP of 48 ±3 mmHg (range: 11 to 77 mmHg) from control levels resulted in 
a reflex bradycardia of 62 ±9 bpm (range: 13 to 184 bpm; 35 tests in a total of 12 animals; 
Figures 4& 5) giving a mean baroreceptor reflex sensitivity of -1.21 ± 0.17 bpm/mmHg. 
In addition, respiratory cycle length increased by 51 ± 13 msec (17 ±4 %). The reflex 
bradycardia but not the respiratory response was blocked by atropine (n = 3). 
2) Cardiopulmonary reflex (n = 9) 
Right atrial injection of PBG (30 gg/kg) produced a pronounced bradycardia of 53 ±4% 
(range: 212 to 414 bpm), a depressor response of 10 ±2% (range: 6 to 24 mmHg) as well 
as an increase in respiratory cycle length of 83 ± 25 % (range: 24 to 671 msec; Figures 6 
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& 9). In most cases, during the prolonged expiratory interval the chest was held in a slight 
inspiratory position. These reflex changes occurred within one second from the start of the 
injection of PBG. 
3) Cardiac Receptor reflex (n = 4) 
Pericardial and left ventricular injections of veratridine produced similar and consistent 
cardiovascular responses including a bradycardia of 29 ±5% (range: 110 to 199 bpm) and 
depressor response of 18 ±3% (range: 12 to 18 mmHg; Figure 7& 9). Left ventricular 
cannulation was not tolerated for longer than 15-20 minutes in most animals which limited 
the number of injections to two per preparation. 
Cardiorespiratory reflexes in the WHBP 
The cardiac and respiratory reflex responses to baroreceptor, J-receptor, peripheral 
chemoreceptor and cardiac receptor stimulation were all preserved in the WHBP (Figures 
4,6,7 & 8) and persisted for 4-6 hours. Unlike anaesthetised mice repeated injections of 
cardiorespiratory stimulants could be made in the WHBP and it was possible to use 
sodium cyanide to stimulate the peripheral chemoreceptors. All reflexes produced a 
slowing of HR which was abolished by either atropine or bilateral vagotomy. 
1) Barorecep tor reflex (n = 17) 
Increasing perfusion pressure produced a reflex bradycardia (Figures 4&5; n= 17). The 
magnitude of this reflex cardiac response was dependent on the amplitude of the arterial 
pressure rise: for example, pressor effects between 15-45 mmHg resulted in a 23 ±5% 
fall in HR (i. e. 81 ± 16 bpm) whereas a 80-105 mmHg rise elicited a bradycardia of 
53 ±7% from control (i. e. 183 ± 24 bpm; Figures 4& 5). From the data in Figure 4, the 
sensitivity of the baroreceptor reflex in the WHBP was calculated as -3.0 ± 0.24 
bpm/mmHg. In 11 of 17 preparations the bradycardia showed respiratory modulation 
comprising an increase in HR during central inspiratory discharge (Figure 4). In those 
preparations with a spontaneous sinus arrhythmia, this was enhanced for 2-7 phrenic 
cycles following baroreceptor activation (Figure 4); this was most prevalent when 
perfusion pressure was elevated to higher levels. In 10 of 17 preparations, both the rate 
and amplitude of phrenic nerve discharge were depressed during elevations in perfusion 
pressure (Figure 4). 
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2) Chemoreceptor reflex (n = 12) 
Sodium cyanide (1-10 µg) stimulation of chemoreceptors elicited a bradycardia of 
45 ±7% from control levels (Figures 8& 9) which was modulated by central inspiratory 
discharge in 12 preparations (Figure 8). In all preparations there was a 60.5 ±6% 
decrease in respiratory cycle length and a 7.6 ±1% increase in the amplitude of phrenic 
bursts during chemoreceptor stimulation (Figures 8& 9). 
3) Cardiopulmonary reflex (n = 23) 
Right atrial injection of PBG (1-2 µg) to stimulate pulmonary C fibres elicited a 
bradycardia ranging from 60-240 bpm (mean 38 ±5%; Figures 6& 9) which occurred 
0.5-1 seconds from the onset of the injection. Phenylbiguanide also produced an increase 
in respiratory cycle length (122 ± 12 %; Figures 6& 9). As revealed in recordings from 
the recurrent laryngeal nerve, this was due to both an increase in the duration (from 1.5 ± 
0.05 sec to 5.9 ± 0.04 sec) and amplitude (23 ±1%; Figure 6) of the post-I phase (Figure 
6). Injection of an identical dose of PBG (i. e. 1-2µg) into the arterial circulation (via the 
perfusion cannula) failed to affect phrenic (or recurrent laryngeal) nerve activity or HR in 
all preparations tested (n = 6). Additionally, comparable volumes of perfusate (50-200 µl), 
injected over 1-2 seconds to increase right atrial pressure to levels similar to those induced 
with PBG injections, did not change any of the cardiorespiratory variables recorded. 
4) Cardiac receptor reflex (n = 25) 
In 25 WHBPs chemical stimulation of cardiac receptors with an intraventricular injection 
of either veratridine (1-2 gg/kg) or bradykinin (0.25-1 µg) evoked a reduction in HR of 
47 ±5% from resting levels (Figures 7& 9). There was no obvious difference between 
the magnitude of the reflex bradycardia evoked by veratridine or bradykinin. PGE2 (100- 
200 ng) failed to elicit a reflex bradycardia. In 11 of 25 preparations, the bradycardia 
evoked by veratridine or bradykinin was modulated by central inspiratory activity 
(Figure 7). In 19 of 25 preparations the cycle length of phrenic nerve discharge increased 
(38.5 ± 11 %; Figures 7& 9). As a control for the specificity of chemical stimulation of 
cardiac receptors, both veratridine and bradykinin were injected into the descending aorta 
at comparable doses to those used transmyocardially, but caused no measurable response 
in HR or respiratory activity (n = 5). In addition, distension of the left ventricle produced a 
mean reflex fall in HR of 80 ± 12 bpm in 5 out of 18 preparations, whereas phrenic nerve 
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Figure 4. A comparison of a baroreceptor vagal reflex elicited in a urethane 
anaesthetised mouse and a WHBP. Top: Baroreceptors were stimulated by 
elevating arterial pressure using phenylephrine (PE, 0.8 p. g bolus) in an 
anaesthetised mouse. The induced pressor effect produced a reflex decrease in 
respiratory frequency and a reflex bradycardia. Bottom: The reflex phrenic nerve 
and cardiac vagal responses evoked following an elevation in arterial perfusion 
pressure in a WHBP of mouse. Note the spontaneous sinus arrhythmia and the 
central respiratory modulation of the reflex bradycardia in the WHBP. Perfusion 
pressure was elevated by increasing the resistance of the bypass in the perfusion 
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Figure 5. Comparison of the baroreceptor reflex in anaesthetised mice (n=12) 
and the WHBP of mice (n=17). The scatterplots represent the falls in heart 
rate for a given increase in arterial/perfusion pressure (MAP/PP). The 
gradient of the regression lines are indicated for each preparation. Reflex 
changes in heart rate were measured at the peak change in MAP/PP and/or 
during the rising phase in MAP/PP. 
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Figure 9. Grouped data comparing the cardiac, cardiopulmonary and peripheral 
chemoreceptor reflexes in the anaesthetised mouse and the WHBP. Graphs show the 
mean (+ SEM) percentage reflex changes in mean arterial pressure (MAP), heart rate 
(HR), and respiratory cycle length (Resp. CL) in anaesthetised mice (lop) and, in the 
WHBP (ho/loin), the reflex responses in heart rate, phrenic cycle length (PN CL) and 
amplitude (PN amp) during stimulation of pulmonary vagal C fibres (PCF) and 
cardiac receptors. The card, orespiratory reflex effects of stimulating peripheral 
chemoreceptors (CHEMO) in the WI1BP are also depicted. 
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2.3.3. Discussion 
Overall, the respiratory and cardiac patterns of response of the four cardiorespiratory 
reflexes tested were qualitatively similar in anaesthetised mice and the murine WHBP, 
and, importantly, were analogous to previous studies in both mice (Desai et al., 1997; 
Eglen et al., 1994) and other anaesthetised mammals (for references, see Section 2.1). 
Thus, it is feasible to selectively stimulate a range of cardiorespiratory reflexes in the 
mouse with the methods/drugs employed here. 
The resting levels of HR, and the effects of vagolytic and ß-adrenoceptor blockade 
reported for the anaesthetised mouse in the present study, are comparable to those 
previously described in conscious mice (Desai et al., 1997). The high resting HR in the 
mouse compared to other species is thought to be related to both its high metabolic rate, 
caused by a high surface area : body mass ratio (Davis & van Dyke, 1933), and to the 
absence of cardiac vagal tone (see below). However, the resting levels of arterial pressure 
in urethane anaesthetised mice were lower compared to conscious mice, which may be a 
consequence of anaesthesia and/or differences in mouse strain as suggested previously by 
Desai et al. (1997). 
Comparison of cardiorespiratory reflexes between mice in vivo and the 
WHBP 
1) Baseline cardiorespiratory activity 
There were significant quantitative differences in resting HR and respiratory frequency 
between urethane anaesthetised mice in vivo and the WHBP (Section 2.3.2). An 
explanation for this is the lower temperature of the WHBP (31°C). Raising temperature by 
7 °C increased HR by approximately 150 bpm Q. F. R. Paton, unpublished data). It should 
also be recognised that in the WHBP there are no circulating catecholamines which 
provide an additional cardioacceleratory effect in the mouse in vivo. Unlike the WHBP, 
there was no significant effect of atropine in anaesthetised (this study) or conscious (Desai 
et al., 1997) mice. This may suggest inhibitory mechanisms affecting cardiac vagal 
motorneurone excitability in the mouse in vivo that are not present in the WHBP. These 
could include pulmonary stretch receptor afferents (see below), or descending inhibitory 
inputs from suprapontine structures, both of which are absent in the WHBP. Cardiac vagal 
motorneurone excitability may be further enhanced in the WHBP by the absence of 
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anaesthesia, making it a good model for studying both cardiac vagal motorneurones and 
cardiac vagal reflexes. 
In spite of the large quantitative differences in both respiratory frequency and inspiratory 
time between anaesthetised mice and the WHBP, the inspiratory : total respiratory cycle 
times were almost identical in both preparations. The slower respiratory frequency in the 
WHBP may be due to the low temperature. If the temperature of the preparation is 
elevated to 38 °C, phrenic nerve frequency is increased by 34 % but this reduces viability 
time (Paton, 1996b). Alternatively, the absence of phasic pulmonary stretch receptor 
inputs in the WHBP, which are important for terminating inspiration and providing a 
timing stimulus (for example, Feldman, 1986), may account for the slower respiratory 
frequency seen in the WHBP. Indeed, phasic, low intensity electrical stimulation of the 
vagus nerve increased the firing frequency of the phrenic nerve by up to 48 % (Paton, 
1996b). 
2) Cardiorespiratory reflexes 
Both the relative magnitude of the baroreceptor reflex bradycardia, and the sensitivity of 
this reflex were significantly greater in the WHBP than in urethane anaesthetised mice. 
This may be explained by the absence of both anaesthesia and descending inhibitory 
inputs from higher centres, such as the hypothalamus, in the WHBP. 
Previous studies have raised systemic pressure to stimulate baroreceptors (for example: 
Kasparov & Paton, 1997b; Rogers et al., 1993). It is likely that the increased afterload on 
the heart may elevate intra-ventricular pressure and so increase the firing of cardiac 
afferents. In this regard, the WHBP is expedient over anaesthetised preparations since 
increases in perfusion pressure have small effects on left ventricular pressure due to a 
combination of very low total peripheral resistance and reduced venous return (Paton, 
1998a). It was also found that repeated injections of phenylephrine, PBG and veratridine 
became ineffective and deleterious to mice in vivo which may reflect the small blood 
volume of the mouse. This was certainly the case when we injected sodium cyanide to 
stimulate peripheral chemoreceptors in vivo. In contrast, reflexes persisted in the WHBP 
for several hours presumably because of the large circulating perfusate volume 
(i. e. 200 mls). 
In the present experiments, right atrial injection of PBG produced a relatively prompt 
reflex response within the calculated pulmonary circulation time of the mouse (i. e. 1.5 
seconds; Milnor, 1982). This supports a site of action, at least initially, from within the 
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lungs. The reflex responses of bradycardia, depressor effect and apnoea recorded in the 
present study (in vivo and in the WHBP) are similar to those reported previously in mouse 
(Eglen et al., 1994), rat (Hines et al., 1994) cat (de Burgh Daly, 1991; Paintal, 1973) and 
dog (Coleridge & Coleridge, 1984). In mice, pulmonary C fibre stimulation with PBG 
inhibits centrally generated inspiratory activity by prolonging the post-inspiratory phase, 
as recorded from the recurrent laryngeal nerve (Figure 6), which suggests a post- 
inspiratory apnoea (Paton, 1997b). 
Stimulation of cardiac receptors with veratridine (or bradykinin in the WHBP) produced a 
pattern of cardiovascular response similar to that seen in other species including dog and 
cat (de Burgh Daly, 1991; Dawes, 1947; Kaufman et al., 1980; Tutt et al., 1988). The 
absence of consistent reflex changes in HR following mechanical, but not chemical, 
stimulation of cardiac receptors in many WHBPs is in agreement with a study in the 
anaesthetised dog where the main cardiovascular effect was a reduction in vascular 
resistance (Tuft et al., 1988). The respiratory depression observed in the WHBP during 
veratridine stimulation is also consistent with a previous study (Tutt et al., 1988), and 
rules out the possibility of a non-specific action of veratridine acting on the carotid bodies. 
It should be mentioned that receptors located in the myocardium, as well as those around 
the coronary arteries, are likely to be affected by chemicals injected into the left ventricle 
(Al-Timman et al., 1993; Brown, 1965). The absence of any changes in HR or respiration 
following veratridine injection into the WHBP's perfusate suggests that the reflex 
response was of cardiac origin, and was not due to stimulation of other receptors within 
the arterial circulation (e. g. baroreceptors). 
3) Respiratory modulation of reflex vagal bradycardia 
In the WHBP, the reflex bradycardic responses evoked following baro-, chemo- and 
cardiac receptor stimulation (but not pulmonary C fibre stimulation) were often modulated 
synchronously with central inspiratory activity, reflecting the inspiratory inhibition of 
cardiac vagal motorneurones reported previously (e. g. Anrep et al., 1936; de Burgh Daly, 
1991; Gilbey et al., 1984). In contrast, there was an absence of respiratory modulation of 
the reflex HR responses observed in urethane anaesthetised mice. This may reflect the 
presence of slowly adapting lung stretch receptors inputs in mice in vivo: de Burgh Daly 
(1991) showed, in anaesthetised cats, that if the lung volume is held in the expiratory 
position a central inspiratory modulation of the reflex bradycardia is observed during 
baro-, chemo- and cardiac receptor stimulation, but not during stimulation of pulmonary C 
fibres. As suggested by de Burgh Daly (1991), the lack of modulation of cardiac vagal 
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motor activity during pulmonary C fibre stimulation may reflect a separate population of 
vagal motorneurones. 
The WHBP as a model for investigating cardiorespiratory control 
Previous data indicates that the WHBP generates a eupneic respiratory motor pattern 
similar to that seen in anaesthetised mice in vivo (Paton, 1996b). Furthermore, the WHBP 
has permitted the first cellular studies of the respiratory network in the mouse (Paton, 
1996b; Paton, 1997b). Taken together with the present data demonstrating a preservation 
of cardiorespiratory reflex function in the WHBP, it is suggested that this preparation may 
offer an alternative experimental model both to studies in vivo investigating the central 
integration of cardiorespiratory information, and to experiments in vitro studying 
respiratory rhythm generation. The WHBP also offers advantages over the mouse in vivo: 
it is possible to repeatedly stimulate baroreceptors, peripheral chemoreceptors, pulmonary 
C fibres and cardiac receptors, as well as to control cardiovascular variables such as 
systemic pressure. 
However, the WHBP is not without its disadvantages. Firstly, because viable preparations 
can only be obtained with small animals such as mice or juvenile rats Q. F. R. Paton - 
unpublished observation), it is very difficult to electrically stimulate the aortic and carotid 
sinus nerves. Although this approach is unphysiological, since electrical stimulation is 
likely to activate all the fibres contained within the nerve simultaneously, it does allow 
synaptic latencies to be measured. Such data is necessary to delineate putative 
monosynaptic from polysynaptic inputs to NTS neurones. Secondly, the WFIBP is 
perfused at constant flow; the absence of a pulse pressure may affect the integration of 
afferent input from some mechanically sensitive cardiac receptors and arterial 
baroreceptors. Finally, since the lungs are collapsed, there is no phasic input from 
pulmonary stretch receptors; this is likely both to alter the excitability of the network of 
neurones within the NTS, and to raise cardiac vagal motorneurone excitability, compared 
to preparations in vivo. 
In conclusion, our results indicate that cardiorespiratory reflexes in the mouse are similar 
to other species. The reflex pattern of cardiac and respiratory changes was qualitatively 
similar between urethane anaesthetised mice and the murine WHBP. Our data support the 
employment of the WHBP for studying central mechanisms regulating cardiorespiratory 
reflexes in mice. 
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2.4. 
COMPARISON OF CARDIORESPIRATORY REFLEXES EVOKED IN 
NEUROKININ -I RECEPTOR KNOCKOUT, HETEROZYGOUS 
AND WILD-TYPE MICE IN VIVO 
2.4.1. Introduction 
The previous section demonstrated that cardiorespiratory reflexes recorded in a murine 
WHBP are qualitatively similar to those measured in the anaesthetised mouse. The main 
advantage of using the mouse as an experimental model is the many transgenic strains 
currently available. The ability to knockout a gene which codes for a receptor protein 
could, potentially, circumvent the problems of receptor specificity which hinder many 
pharmacological investigations. Thus, it was with great interest that we learnt that a group 
or researchers, based in the MRC Laboratory of Molecular Biology in Cambridge, had 
successfully engineered a knockout mouse which lacked the gene coding for the 
neurokinin-1 receptor (NK1) protein (De Felipe et al., 1998). As outlined in Section 1.5.1, 
this receptor has been localised within the NTS and may play a role in reflex 
cardiorespiratory control. 
In the series of experiments which are described below, we investigated the importance of 
NKl receptors for mediating the baroreceptor and cardiopulmonary reflexes in mice. 
Ultimately, our goal was to make WHBPs with the NK1 knockout mice, and to record 
intracellularly from physiologically characterised NTS neurones. However, we were 
aware from the literature that some null-mutants express surprising phenotypic 
characteristics (Gerlai, 1996b), and so we decided to first measure cardiorespiratory reflex 
responses in the NK1 knockout mouse in vivo. 
2.4.2. Additional Methods 
Genetic engineering of NK, receptor knockout mice 
The knock-out mice were bred by collaborators working at the MRC Laboratory of 
Molecular Biology, Cambridge (De Felipe et al., 1998) who used homologous 
recombination in embryonic stem cells to create a 129/Sv x C57BL/6 mouse line in which 
the NKl receptor gene was disrupted in exon 1. Interbreeding of mice heterozygous for the 
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disrupted allele resulted in healthy homozygous mutant mice which bred normally and did 
not exhibit impaired maternal behaviour (De Felipe et al., 1998). Experiments were 
carried out on three groups of mature mice of either sex (NK1 knockouts, n=6; 
heterozygotes, n=6; wild-type, n= 12; 24-36 g). 
2.4.3. Results 
Baseline cardiovascular and respiratory values 
Resting levels of HR, MAP and respiratory cycle length were not statistically different 
between the three groups of animals and were 558 ± 12 bpm, 71 ±3 mmHg and 329 ± 16 
msec respectively (n = 18). 
Baroreceptor reflex 
Increases in MAP of 18-77 mmHg were produced with PE which resulted in a reflex 
bradycardia as well as an increase in respiratory cycle length (Figures 10 & 11). The gain 
of the baroreceptor reflex bradycardia in wild-type and heterozygote animals was not 
significantly different (i. e.: 0.45 ± 0.07 versus 0.33 ± 0.10 bpm/mmHg respectively). 
However, in NKl knockout mice the baroreceptor reflex gain was significantly greater 
compared to wild-type and heterozygotes comprising 1.43 ± 0.18 bpm/mmHg (P < 0.001; 
Figures 10 & 11). Moreover, the reflex slowing of ventilation, as seen by an increase in 
respiratory cycle length, was also significantly greater in knockouts compared with wild- 
types and heterozygotes (i. e. 1.43 ± 0.31 versus 0.78 ± 0.35 and 0.59 ± 0.24 msec/mmHg 
respectively; P<0.001; Figures 10 & 11). 
Cardiopulmonary reflex 
Right atrial injections of PBG, given at doses of 20,30 and 40 µglkg, produced falls in HR 
and MAP as well as an increase in respiratory cycle length (Figure 12). Typically in wild- 
type mice 30 gg/kg PBG elicited a 316 ± 46 bpm fall in HR, a depressor response of 11 ± 
3 mmHg and increased the respiratory cycle length to 3.4 ± 1.6 s in duration. At all three 
doses there were no significant differences in the magnitude of the reflex falls in HR, 
MAP and the increase in respiratory cycle length between wild-type, heterozygous and 
knockout mice (Figures 12 & 13). Between animals in all groups there was variability in 
the magnitude of the reflex increase in respiratory cycle length (Figure 12) but this was 
not statistically different between animal groups at all doses of PBG (Figure 13). A brief 
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tachypnoea (i. e. rapid breathing for 2-4 breaths; Figure 12) was observed in approximately 
50% of mice from each group prior to the increase in cycle length. 
Pharmacological blockade of NK, receptors on baroreceptor reflex gain 
Since there was a significant increase in the sensitivity of the baroreceptor reflex in the 
NKl knockout mice it was of interest to compare these data with wild-type animals in 
which NKl receptors were blocked pharmacologically. 
In six wild-type mice under control conditions basal HR, MAP and baroreceptor reflex 
sensitivity were 640 ± 14 bpm, 76 ±4 mmHg and 0.76 ± 0.03 bpm/mmHg respectively. 
Following intravenous administration of the NKl antagonist, CP-99,994 (1.5 mg/kg), there 
was no significant alteration in baseline cardiovascular variables (HR, 666 ± 18 bpm; 
MAP, 73 ±4 mmHg) or baroreceptor reflex sensitivity (i. e. 0.73 ± 0.02 bpm/mmHg; 
Figure 14). The dose of CP-99,994 was effective as seen by the significant attenuation of 
both the magnitude and duration of the tachycardic/pressor response evoked following 
noxious pinch stimulation of a paw or the tail (before: 12 ± 2.2 bpm and 11 ± 0.3 mmHg; 
after: 3.1 ± 0.4 bpm and 3±0.3 mmHg; n=6; P<0.01; Figure 15). 
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Figure 11. NKl knockout mice (-/-) have increased baroreceptor reflex gain 
compared to wild-type (+/+) animals. (Top) The baroreceptor reflex gain was 
significantly greater in NKl knockout (-/-; triangles) compared with wild-type 
mice (+/+; circles) as seen by comparing the regression lines for the reflex fall in 
heart rate (HR) versus the induced rise in mean arterial pressure (MAP). (Bottom) 
The baroreceptor reflex mediated slowing of respiratory frequency (i. e. increased 
respiratory cycle length) was also more pronounced in -/- compared to +/+ mice. 
For the sake of clarity the data from heterozygous mice were omitted from both 
graphs, but these were not significantly different from the wild-type mice. At least 










" :: r = 
CD Pd "Z3 






& CD 00 
0 tio 00 
0 co r" CD p 
0 :3 CD CD 
C7. . I. x 0 `°p.. =. cr 
CD 
C 
ý, ý" N 
tz 
CD ß ýC !y 
CD C) 
CL co 










4. + y 
C 
, CD 
CD CAD tý-º 
0p 
CD :3 
cr cn "D 
C ' CD Ö co 75 
ýD 












Dose of PBG 





















Figure 13. Wild-type (+/+), heterozygous (+/-) and NK, knockout (-/-) 
mice have similar cardiopulmonary reflex responsiveness. ('/ p) The 
magnitude of the cardiopulmonary reflex bradycardia was similar 
between the three groups of animals at each of the three doses of PBG 
used. (Milt le) Similarly, both the PBG-evoked depressor response and 
the increase in respiratory cycle length (CL, bollom) were not 
significantly different between the three strains of mice. 
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Figure 14. A representative example of the baroreceptor reflex in a wild-type mouse 
before and after intravenous administration of CP-99,994 (1.5 mg/kg iv) to block 
NK1 receptors. The group data are depicted as a scatter plot to demonstrate that CP- 
99,994 did not significantly change the baroreceptor reflex sensitivity in wild-type 
mice (n = 6). At least three control and test data points per animal are plotted. 
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Figure 15. Comparison of the cardiovascular responses elicited by noxious 
pinch stimulation of a hind paw before and after CP-99,994 (1.5 mg/kg iv). 
The original traces are from the same wild-type mouse as in Figure 14. After 
NK, receptor blockade, both the peak amplitude and duration of the 
tachycardia and pressor effects were reduced significantly. The group data 
are shown below (n = 6, *1) -- 0.01). 
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2.4.4. Discussion 
Three major observations have been made in this study. First, despite similar baseline 
cardiovascular and respiratory variables both the cardiac and respiratory components of 
the baroreceptor reflex were significantly potentiated in NK1 receptor knockout mice 
compared to heterozygous and wild-type animals. Second, pharmacological blockade of 
NK1 receptors in wild-types did not affect the sensitivity of the baroreceptor reflex and, 
third, the cardiopulmonary reflex sensitivity was similar between knockout, heterozygous 
and wild-type animals. 
In both the present study on ºnice, and in previous studies on rats (Feldman, 1995) and 
ferrets (Watson et crl., 1995), blockade of NKi receptors affected neither baseline 
cardiovascular variables nor baroreceptor nor cardiopulmonary reflex gain. In contrast to 
pharmacological blockade, we found an increase in baroreceptor reflex performance in 
NK1 knockout mice compared to controls. These findings are consistent with the recent 
demonstration of increased spinal reflex excitability during somatic and visceral 
nociceptive reflexes in NKi knockout mice (Herrero et al., 1997). 
Activation of NK: receptors in the CNS 
The increased baroreceptor retlex gain in NK1 knockout mice appears counter-intuitive 
based on previously described excitatory neuronal effects following NK1 receptor 
stimulation. 
(i) Feldman (1995) reported that NTS microinjection of NK,, but not NK2 nor NK; 
receptor agonists, markedly decreased resting HR and arterial pressure. This is indicative 
of an excitatory effect on NTS neurones. 
(ii) Vagus nerve evoked EPSPs recorded from NTS neurones were attenuated after 
blockade of NKi receptors in mice (Paton, 1997a). This might be explained by the 
observation that NK1 receptor activation potentiates the effects of iontophoretically 
applied excitatory amino acids on dorsal horn neurones in the spinal cord of rats (Chizh el 
aL, 19951 Randic, 1995, Rusin e! (iL, 1993, Urban el crl., 1994). 
(iii) Stimulation of NK, receptors on dorsal vagal motorneurones in ri/ro raised the level 
of neuronal excitability by decreasing a potassium conductance resulting in membrane 
depolarisation (Martini-Luccarini cri ul., I996). 
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All told, NK1 receptors appear to increase the efficacy of excitatory synaptic transmission 
and/or directly raise the level of neuronal excitability. It follows, therefore, that if we 
assume a role for NK1 receptors in baroreceptor reflex control in the anaesthetised mouse, 
then either genetic disruption or pharmacological blockade of NK1 receptors would be 
expected to attenuate the input : output ratio of NTS neurones and, hence, decrease reflex 
sensitivity. However, we observed a/)ntentiaiion of the baroreceptor reflex in NK1 
knockout animals. How can this be explained? 
Problems associated with interpreting data from knockout animals 
There has been much discussion in the literature recently regarding problems associated 
with the interpretation of the phenotypical changes which arise in null-mutant mice 
(Woolf et al., 1998, Banbury Conference on Genetic Background in Mice, 1997, Crawley, 
1996, Crusio, 1996; Gerlai, 1996b; Gerlai, I996a, Lathe, 1996) However, there appears to 
be a consensus on two main points: (i) gene targeting is a powerful technique for the 
neuroscientist, which, with the advent of inducible, reversible and cell-specific gene- 
targeting techniques has the potential to revolutionise neurobiology; (ii) a great deal of 
caution needs to be exercised in the interpretation of data obtained from null mutant mice 
which are derived fron embryonic stem cells, as were the animals in this study. 
Confounding Factors: 
i) Genetic redundancy and compensatory changes 
It is quite feasible that when a gene is `knocked-out', a secondary gene may be 
upregulated during maturation and thus take over its function (see discussion by Crawley, 
1996; Gerlai, 1996b). This could be misinterpreted as implying that the original gene has 
no role in the proposed function, or, as is possible in this study, expression of the 
secondary gene may lead to an over-compensation of function. Alternatively, the 
secondary, upregulated gene may affect functions other than those regulated by the 
original gene; this could be misinterpreted as being a direct effect of knocking the original 
gene out. 
ii) Behavioural background 
Most gene-targeting experiments are currently carried out in cultured embryonic stem 
(ES) cells derived from the mouse strain ` 129'. The 129-type ES cells carrying the 
targeted mutation are introduced into a blastocyst-stage embryo and the surviving 
embryonic chimeric embryos are allowed to develop to term, raised to adulthood and 
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mated to `wild-type' (non-mutated) mice. These heterozygous mice are mated with each 
other, with on average a quarter of their offspring being homozygous null mutants. 
However, in many transgenic animals, including the NK, knockouts employed here, the 
chimeras and the wild-type animals are taken from two different strains (i. e. 129/Sv mated 
with C57BL/6), which may be genetically quite distinct. Thus, in the knockout animals the 
chromosome with the targeted locus will carry alleles of genes of 129-type, whereas in 
wild type animals the same chromosome will carry alleles of genes of BL6-type. More 
importantly, because the probability of genetic recombination is generally inversely 
proportional to the distance between the loci of the genes, the 129-type alleles of the genes 
whose loci are close to the locus of the mutated gene will remain together with the 
mutated allele of the gene of interest. Conversely, a wild-type control animal will, most 
probably, not carry these 129-type alleles and will have BL6-type alleles instead. Thus, 
any phenotypical differences between the knockout and wild-type animals could be due 
either to the disrupted gene or to the background genes linked to the targeted locus which 
differ between knockout and wild-type animals (Banbury Conference on Genetic 
Background in Mice, 1997; Gerlai, 1996b). Indeed, it has been calculated that around 100 
or more background genes will both flank the targeted gene and be expressed in the CNS 
(Lathe, 1996). 
Mechanisms for augmenting baroreceptor reflex sensitivity in NKi 
knockout mice 
With this in mind, plausible explanations for the increase in baroreceptor reflex efficacy in 
NK, knockout mice compared with heterozygous and wild-types are proposed: 
(i) Since tachykinin receptors have been shown to exhibit developmental changes in the 
density of different sub-types in the rat spinal cord (Beresford et al., 1992; Charlton & 
Heike, 1985), a possibility is for a compensatory over-expression of NK2 and/or NK3 
receptors, or an increase in the synthesis of substance P in either the baroreceptor afferent 
neurones and/or brainstem regions mediating the baroreceptor reflex of NKl knockout 
mice. This is unlikely. No binding of 125 I Bolton-Hunter labelled substance P remains in 
the central nervous system of knockout mice (De Felipe et al., 1998) and previous work 
(Mantyh et al., 1989) has failed to identify an NK2 receptor in the brain. Also, levels of 
NK3 and neurokinin B mRNA are comparable between wild-types and knockout mice (De 
Felipe et al., 1998). 
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(ii) An alternative possibility is that there may be a reduced descending inhibitory drive 
from higher centres within the brain. The latter was suggested recently by (Herrero et al., 
1997) to explain the increase in spinal cord reflex excitability seen in these mice. A 
decrease in inhibitory drive may reflect a reduction in centrally ascending traffic that 
results as a consequence of the absence of NKl receptors. 
(iii) There is also the possibility that other receptors, such as excitatory amino acid 
receptors, are up-regulated in knockout animals. In the dorsal horn of the spinal cord (an 
integrating region often likened to the NTS) tachykinins play major roles in both the 
transmission of sensory information from unmyelinated peripheral afferents (Randic, 
1995; Rusin et al., 1993) and in potentiating the efficacy of excitatory amino acid 
transmission (Chizh et al., 1995; Randic, 1995). 
Role of NK, receptors in mediating the baroreceptor reflex. 
Thus, the fact that the baroreceptor reflex sensitivity was increased in NKi knockout mice 
may not imply that a tachykinergic system is present within the central circuitry 
controlling this reflex in wild-type animals; this hypothesis is supported by the fact that 
following pharmacological blockade of NKl receptors in wild-types, the baroreceptor 
reflex was unaffected. This negative effect of CP-99,994 raises the question as to whether 
the dose used was effective. We argue that it was since a similar dose range and route of 
administration were used to antagonise specific NKl receptor agonist actions on dorsal 
horn neurones recorded in vivo (Chizh et al., 1995). Moreover, the cardiovascular 
responses induced by noxious pinch stimulation were reduced significantly after 
administration of CP-99,994 in the present study (Figure 15). However, in itself these data 
do not rule out a role for substance P in modulating the baroreceptor reflex. It is possible 
that under certain circumstances other neuromodulatory substances may act to release 
substance P either from baroreceptor afferent terminals, or from NTS neurones subserving 
the baroreceptor reflex. 
Possible functional significance of NKi receptors in the NTS 
The presence of NKi receptors within the caudal regions of the NTS (Mantyh et al., 1989) 
(Watson et al., 1995) raises the question as to their physiological significance. The present 
data, and that of others (Feldman, 1995; Watson et al., 1995), do not support a role for 
NKl receptors in mediating either the baroreceptor or cardiopulmonary reflex in 
anaesthetised animals. However, it is likely that NKl receptors may be important in other 
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reflex cardiovascular and visceral pathways. Indeed, since the completion of this study, 
substance P has been shown to mediate part of the synaptic response evoked by 
physiological stimulation of cardiac receptors, but not peripheral chemoreceptors in NTS 
neurones (Paton, 1998b). Furthermore, preliminary data suggests that angiotensin II can 
enhance both the cardiopulmonary and peripheral chemoreflexes by increasing the release 
of substance P in the NTS. In addition, tachykinin receptors may playa a role in mediating 
retching and vomiting evoked by abdominal vagal afferent stimulation in the ferret 
(Watson et aL, 1995). 
In conclusion, our pharmacological data indicate that NKl receptors do not play a major 
role in controlling either the baroreceptor or cardiopulmonary reflex in the urethane 
anaesthetised mouse. Moreover, NKi knockout mice are unlikely, phenotypically 
speaking, to be simply wild-type animals minus the NKl receptor gene. On the contrary, 
our findings indicate that during maturation there are compensational processes that lead 
to a significant enhancement of baroreceptor reflex performance. What these processes 
may be was not investigated further, since they would not enhance our understanding of 
cardiorespiratory control in the wild-type animal. 
Inducible gene expression - the way forward? 
Our data add to the controversy concerning the use of knockout mice in general, and NKl 
null mutants in particular, in integrative physiology research. However, it is now possible 
to restrict the expression of a particular gene both temporally and spatially by using an 
inducible genetic system. The various systems and their applications have been reviewed 
recently by Gringrich & Roder (1998). 
One of the most promising approaches is the use of tetracycline-regulated gene 
expression. Tetracycline, an antibiotic, inhibits prokaryotic translation at low 
concentrations; bacteria which have developed resistance to this drug have systems which 
are optimised to detect minute subinhibitory concentrations of tetracycline. Thus this 
transactivation system can be used to generate a reversible on/off switch for a given gene 
activity, allowing the level of expression of a particular gene to be quantitatively 
controlled. Using a system similar to this Tsien and co-workers were able to restrict the 
postnatal deletion of a specific NMDA receptor subunit to the forebrain; these adult mice 
were shown to lack NMDA receptor-mediated synaptic currents and long term 
potentiation in CAI synapses, and to exhibit impaired spatial memory, but unimpaired 
nonspatial learning (Tsien et al., 1996b; Tsien et al., 1996a). Thus while mice which 
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contain irreversible changes to their genome may have limited usefulness, inducible 
knockouts may, in the future, prove to be valuable tools in integrative physiology 
research. 
In the next chapter, the focus changes: more traditional pharmacological approaches are 
described which aimed to elucidate the functional role of potassium channels in regulating 
NTS neuronal excitability, and reflex efficacy. 
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CHAPTER 3 
ROLE OF POTASSIUM CHANNELS IN REGULATING 
CARDIORESPIRATORY REFLEX EFFICACY AND 
NTS NEURONAL EXCITABILITY 
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3.1. 
POTASSIUM CHANNEL BLOCKADE IN THE NTS ALTERS THE 
EFFICACY OF TWO CARDIORESPIRATORY REFLEXES IN VIVO 
3.1.1. Introduction 
It has been well documented that primary afferent fibres from cardiorespiratory receptors 
project to, and terminate in, the NTS (see Section 1.3 for a review). However, the neural 
mechanisms by which this afferent information is integrated within the NTS to produce 
reflex cardiovascular and respiratory responses are not fully understood. In this regard, we 
have hypothesised that the sensitivity of an NTS neurone to afferent input is dependent 
upon the density of potassium channels located within its membrane. 
The aim of this study was to investigate the functional role of a variety of potassium 
conductances, including both Kv and Kca channels, in regulating the sensitivity of the 
baroreceptor and cardiopulmonary reflexes in vivo. We chose to study these two reflexes 
because despite qualitatively similar patterns of reflex response (i. e. falls in arterial 
pressure, HR and respiratory frequency) the cardiopulmonary reflex is quantitatively much 
more potent than the baroreceptor reflex. This observation is especially interesting 
because right atrial injection of PBG, which stimulates J receptors in the lungs, evokes a 
maximum peak discharge of 10-30 Hz in the associated pulmonary C fibres (Paintal, 
1973); in contrast, A-type aortic baroreceptors respond to small arterial pressure changes 
with frequencies in excess of 100 Hz (Andresen, 1984; Brown et al., 1976). Furthermore, 
it has recently been shown, using both extra- and intra-cellular recording techniques, that 
there is very little convergence of baroreceptor and pulmonary C fibre synaptic inputs onto 
NTS neurones in both the mouse (Paton, 1998c) and cat (Silva-Carvalho et al., 1998), 
suggesting that these two reflexes are mediated by two separate populations of NTS 
neurones. Since potassium channels play such a pivotal role in determining the 
responsiveness of a neurone to afferent input, we hypothesised that the neurones 
subserving these two reflexes would express different complements of potassium channels 
in their cell membrane. 
Studies by Richter and co-workers have also used in vivo approaches to demonstrate a 
functional role for Kca; intracellular injection of the calcium chelator BAPTA into post- 
inspiratory neurones, which are responsible for switching off inspiration irreversibly, 
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prolonged action potential discharge and reduced adaptation. It was suggested that 
blockade of such channels in post-inspiratory neurones could lead to a lengthening of the 
post-inspiratory phase and a decrease in respiratory frequency (Pierrefiche et al., 1995). In 
another study (Lang et al., 1997), microinjection of apamin into the inferior olive in 
anaesthetised rats decreased complex spike activity, recorded in the molecular layer of the 
cerebellum, whereas microinjection of charybdotoxin into the inferior olive increased 
complex spike activity. 
Since in vitro studies revealed that blockade of either Kv or Kca channels increased the 
responsiveness of a neurone during depolarising current injection (Paton et al., 1993), one 
might anticipate that blockade of these channels in the NTS in vivo would increase reflex 
efficacy. However, we show that in the anaesthetised rat blockade of Kca potentiates the 
baroreceptor reflex, but counter-intuitively attenuates the cardiopulmonary reflex, whereas 
blockade of Kv attenuates both reflexes. 
3.1.2. Methods 
Surgical procedures 
Experiments were carried out on mature male Sprague Dawley rats (220-270g; n=54) in 
which anaesthesia was induced with a mixture of ct-chloralose/urethane/sodium 
pentobarbitone (69mg/kg, 690mg/kg, 30mg/kg respectively4; i. p) and supplemented with 
3-8mg a-chloralose iv. when required as judged from the withdrawal of a hindlimb to a 
paw pinch. 
The trachea was intubated below the larynx and the left femoral artery and vein were 
cannulated for recording arterial pressure (Gould Stratham) and subsequent injections of 
anaesthetic respectively. The left jugular vein was cannulated for administration of 
phenylephrine. Phenylbiguanide was injected into the right atrium via a cannula inserted 
into the right jugular vein. Rectal temperature was monitored and maintained at 37.5 ± 0.5 
°C. Animals were placed in a stereotaxic head holder (Kopf Instruments, USA) and 
ventilated artificially using humidified oxygen enriched air. End-tidal CO2 was sampled 
4 This anaesthetic regimen was modified from that described by de Burgh Daly in the cat (e. g. de Burgh 
Daly, 1991); however, in order to induce adequate anaesthesia in the rat the doses of chloralose and urethane 
were increased and sodium pentobarbitone was added. This combination of anaesthetics produced a superior 
level of surgical anaesthesia than administration of either chloralose or urethane alone. 
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and monitored, and maintained at 4.5 ±5% by altering tidal volume. The dorsal medulla 
was exposed by retraction of the nuchal muscles and removal of the dura. When 
necessary, the posterior cerebellar vermis was retracted to expose the dorsal surface of the 
medulla. 
Recording procedures 
The electrocardiogram (ECG) was recorded via stainless steel pins placed subcutaneously 
in a fore- and hindlimb and the right phrenic nerve activity (PNA) was recorded using a 
bipolar hook electrode. Both signals were amplified (Neurolog module 104; UK) and 
filtered (Neurolog module 125; UK). Recordings of arterial pressure, HR (HR) and 
rectified and integrated PNA were relayed to a CED 1401 interface (Cambridge 
Electronics Design), displayed on a computer monitor and stored digitally (CED; Spike2). 
Microinjection techniques 
Seven barrelled glass microelectrodes were utilised with the tips broken back to 35-40 µm 
to allow pressure injection. Microinjection volumes were 45 nl, calculated by observing 
the distance the meniscus moved down the glass capillary using a binocular microscope 
fitted with an eye piece graticule. Microelectrodes were placed (under visual guidance of a 
binocular microscope) into two anatomically distinct regions of the NTS using reference 
landmarks on the medullary surface such as area postrema and calamus scriptorius. From 
preliminary mapping studies our histological data revealed that microinjection sites which 
were selective in altering the magnitude of the baroreceptor reflex were located 
approximately 200 µm caudal to obex (the point at which the central canal opens into the 
fourth ventricle), 600 µm lateral to midline, and 500 µm ventral to the dorsal surface. In 
contrast, sites which were selective in altering the efficacy of the cardiopulmonary reflex 
were located approximately 900 pm caudal to obex, 100 pm lateral to the midline and 400 
pm ventral to the dorsal surface. At the end of the experiment pontamine sky blue (2 %) 
was microinjected, and the brainstem excised from the skull and fixed with a solution 
containing 2% paraformaldehyde and 20 % sucrose. Transverse sections were cut (100 
pm) on a freezing microtome, mounted on subbed slides, stained with Neutral Red and 
coverslipped. The microinjection sites were reconstructed with reference to obex and the 
solitary tract, and documented on standard outlines taken from Barraco et al. (1992). 
94 
Experimental protocol 
The baroreceptor reflex was evoked by an intravenous injection of the al-adrenergic 
receptor agonist, phenylephrine (PE; 40 µg/ml; 1-3 µg bolus) to raise arterial pressure and 
induce a reflex bradycardia. The cardiopulmonary reflex was elicited by a right atrial 
injection of PBG (PBG; 100 µg/ml; 1-10 µg bolus ), a 5-HT3 agonist, used to stimulate J- 
receptors located within the lungs (Paintal, 1969). Both drugs were pre-warmed to 38 °C. 
At the end of some experiments the position of the tip of the cannula was checked to be 
within, or very close to, the right atrium. Since all microinjections were unilateral, in some 
experiments the pulmonary vagal C fibre afferent input was restricted to one side of the 
NTS by cutting the vagus nerve contralateral to the microinjection site; however, even 
with both vagi intact it was possible to modulate the efficacy of the cardiopulmonary 
reflex with unilateral microinjections. After at least three successive and consistent control 
reflex responses, a potassium channel antagonist was microinjected into the NTS. Two 
minutes later this was followed by an iv. injection of either PBG or PE (depending on the 
reflex studied); these injections continued every ten minutes until recovery was obtained. 
In order to test microinjection site specificity in some experiments both reflexes were 
elicited in quick succession following microinjection into the NTS . 
Control 
microinjections of artificial cerebro-spinal fluid were made using similar volumes (45 nl). 
Analysis 
Appendix I contains the Cambridge Electronic Design Spike 2 analysis program which 
was written for offline analysis. The peak magnitude of the reflex falls in HR and mean 
arterial pressure (MAP), as well as the changes in inspiratory duration and frequency of 
PNA, were compared before and after a microinjection of a potassium channel antagonist, 
and the differences statistically tested (paired Student's t-test). To ascertain that 
measurements of the baroreceptor reflex bradycardia were on the linear part of the 
sensitivity curve, multiple measurements of MAP, and the corresponding HR fall, were 
made during the rising phase of phenylephrine induced pressor responses. Moreover, the 
gain of the reflex (expressed as fall in HR (bpm) per mmHg rise in MAP) together with 
the rate of rise of the pressor response (mmHg/sec) was calculated for each PE injection. 
Data are presented as mean ± standard error of the mean. 
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Drugs 
The microelectrodes were filled with Pontamine sky blue (2 %) and artificial cerebro- 
spinal fluid (a-csf, constituents as in Section 2.2) along with a selection of the following 
chemicals dissolved in a-csf 4-aminopyridine (4-AP; 2 mM; Sigma), dendrotoxin (DTX; 
10 µM; Alamone), apamin (100 µM; Alamone), and charybdotoxin (ChTX; 5 µM; 
Alamone). Systemically administered PBG (Sigma) and phenylephrine (Sigma) were 
dissolved in 0.9 % NaCl at concentrations of 100 µg/ml and 40 Vg/ml respectively. 
3.1.3. Results 
In 54 animals the resting MAP was 96 ±2 mmHg and the resting HR was 465 ±6 bpm. 
Analysis of integrated PNA revealed a respiratory cycle length of 1.26 ± 0.08 seconds and 
a burst duration of 0.47 ± 0.03 seconds (n = 30). Microinjection of both Kv and Kca 
antagonists resulted in transient falls in MAP from baseline: apamin 13 ±5 mmHg (n = 
11; P<0.01); ChTX 25 ±5 mmHg (n = 13; P<0.001); 4-AP 12 ±2 mmHg (n = 20; P< 
0.00 1); DTX 9±3 mmHg (n = 19; P<0.01; Figure 16). Only the Ka antagonists produced 
a significant (Figure 16) reduction in HR: apamin 13 ±5 bpm (P < 0.05); ChTX 18 ±6 
bpm (P < 0.01). None of the antagonists had a consistent effect on either respiratory cycle 
length or phrenic burst duration. There were no significant differences in these 
cardiovascular responses between the rostral and caudal microinjection sites (see Section 
3.1.2). During reflex testing following a microinjection the basal levels of MAP, HR and 
PNA were not significantly different from control values (Tables 1& 2). The effects of 
the antagonist on the evoked reflex usually occurred within 2 minutes after the 
microinjection and usually recovered within 80 minutes (Tables 1 and 2). Vehicle 
injection of a-csf (45 nl) had no effect, either on baseline cardiorespiratory variables, or on 
reflex responsiveness. 
A. Baroreceptor reflex 
The baroreceptor reflex was elicited via an iv. injection of PE which increased arterial 
pressure and induced a reflex bradycardia. As seen in Figure 17 measurements were taken 
on the linear portion of the baroreceptor reflex response curve. A 1-3 pg bolus of PE 
raised MAP by 73 ±3 mmHg which elicited a reflex bradycardia of 92 ± 10 bpm (n = 25). 
Microinjection of potassium channel antagonists had no effect on the slight respiratory 
slowing observed during the induced pressor responses under control conditions, or on the 
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amplitude or burst duration of the PNA. In all experiments microinjections into the NTS 
had no significant effect on either the magnitude or the rate of rise of the PE-induced 
pressor response (Table 1). All effective microinjection sites were restricted to regions 
100-200 gm caudal to obex as described in Section 3.1.2 and Figure 28. 
i) Effect of blockade of Ca-dependent K channels 
Microinjection of either apamin or ChTX into the NTS potentiated the baroreceptor reflex 
(Table 1; Figure 18 & 19); apamin increased the reflex bradycardia from 12 ±3% to 25 ± 
5 %(n=6; P<0.05), and ChTXfrom 12±2%to24±5%(n=6; P<0.05) 
ii) Effect of nlockade of voltage-dependent K channels 
In contrast to apamin and ChTX, 4-AP attenuated the baroreceptor reflex bradycardia, 
reducing it from 23 ±3% to 13 ±2% (n = 8; P<0.01; Table 1; Figures 20 & 21). Similar 
effects were observed with DTX; the evoked bradycardia was reduced from 32 ±5% to 
17±6%(Table 1; Figures 20&21; n=6; P<0.01). 
iii) Site specificity of antagonists into NTS 
In 14 of these experiments as soon as the PE-induced increase in arterial pressure had 
returned to control (i. e. approximately 5 minutes after a microinjection) the 
cardiopulmonary reflex was evoked with a right atrial injection of PBG. In 12 of the 14 
animals the reflex was of similar magnitude to controls (i. e. that seen before 
microinjections into NTS). For example, microinjection of apamin into a site that was 0.1 
mm caudal to obex (see Figure 28) potentiated the baroreceptor reflex bradycardia from 5 
% to 30 % but left the PBG evoked bradycardia of 82 % unaffected. 
B. Cardiopulmonary reflex 
Right atrial injection of PBG elicited a 227 ± 14 bpm decrease in HR, a 32 ±2 mmHg 
decrease in MAP (n = 43), together with an increase in phrenic cycle length to 2.38 ± 0.38 
seconds (n = 17). The doses used resulted in reproducible, submaximal effects with a 
latency of 1 to 1.5 seconds. This is within the pulmonary circulation time of the rat 
indicating a relatively specific action of PBG on pulmonary vagal C fibres. All effective 
microinjections were restricted to more caudal regions of the NTS (i. e. 900-1000 µm 
caudal to the obex; see Section 3.1.2 & Figure 28). 
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i) Effect of blockade of Ca-dependent K channels 
Blockade of apamin and ChTX sensitive Kca in NTS neurones attenuated the 
cardiopulmonary reflex (Table 2; Figures 22 & 24 ). After a microinjection of apamin into 
the NTS the reflex falls in HR and MAP were reduced from 63 ± 11 % to 21 ±3% (P < 
0.01) and from 35 ±3% to 23 ±3% (n = 5; P<0.05) respectively. Moreover, the 
duration of the reflex prolongation in phrenic nerve cycle length was reduced by 46 ±7% 
(n = 4; P<0.05). In 7 other animals a microinjection of ChTX reduced the bradycardia 
from 54 ±9% to 15 ±2%, the depressor response from 44 ±4% to 29 ±2%, and the 
reflex increase in phrenic nerve cycle length by 34 ± 17 % (n = 7; P<0.05). 
ii) Effect of blockade of voltage-dependent K channels 
Both 4-AP and DTX microinjected into the NTS produced qualitatively similar 
attenuating effects to the Ka antagonists (see above; Table 2; Figures 23 & 24). In 12 
animals a microinjection of 4-AP attenuated the bradycardia from 51 ±6% to 20 ±4% (P 
< 0.01), the depressor response from 33 ±3% to 18 ±5% (P < 0.01), and reduced the 
duration of the reflex prolongation in phrenic nerve cycle length by 27 ±9% (n = 6; P< 
0.05). Similarly DTX attenuated the bradycardia from 42 ±5% to 19 ±3 and the 
depressor response from 30 ±3% to 17 ±3% (n = 13; P<0.01; PNA not recorded). 
iii) Site specificity of antagonists in NTS 
In 10 of these experiments as soon as the PBG-evoked falls in HR and arterial pressure 
had returned to control (i. e. approximately 4 minutes after the microinjection), the 
baroreceptor reflex was elicited. In eight animals the baroreceptor reflex gain was not 
affected by microinjections into these caudal regions (i. e. 900-1000µm caudal to obex; see 
Figure 28); for example two minutes after ChTX was microinjected into a caudal NTS 
site, the PBG evoked fall in HR was attenuated from 48 % to 15 % and the depressor 
response from 40 % to 28 %, while the baroreceptor reflex bradycardia was not 
substantially altered (7 % before and 4% after, ChTX microinjection). The effective 
microinjection sites for both the baroreceptor and cardiopulmonary reflexes are shown in 
Figure 28. 
Effect of GABA,, receptor blockade in NTS on DTX attenuation of the 
cardiopulmonary reflex. 
Intuitively we expected that blockade of a potassium channel would increase neuronal 
excitability and hence potentiate reflex sensitivity. One possible explanation for the 
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reduction in reflex gain, however, is that the antagonists predominantly acted on a 
population of GABA interneurones with a high density of potassium channels in their cell 
membrane; increasing the excitability of these interneurones might be expected to increase 
inhibitory drive onto the NTS neurones mediating the reflex (Figure 25). To test this 
hypothesis we microinjected bicuculline, a GABAA antagonist, into the NTS both on its 
own, and concomitantly with DTX, and assessed the effects this had on the 
cardiopulmonary reflex (Figures 26 & 27). 
In 6 animals right atrial administration of PBG resulted in a depressor response of 23 ±5 
%, which, following a microinjection of bicuculline, was increased slightly to 27 ±2% 
(n. s. ). Similarly, the reflex bradycardia was potentiated by bicuculline from 44 ±7% to 65 
± 5% (P < 0.05). Although there were transient falls in both MAP and HR following 
bicuculline microinjection into the NTS, these were not significantly different from 
control levels when the reflex was re-tested. 
In a separate group of 5 rats PBG evoked falls in MAP and HR of 26 ±5% and 40 ± 10 % 
respectively; these values were attenuated to 21 ±4% (n. s. ) and 18 ±4% (P < 0.05) 
respectively following a microinjection of DTX into the NTS. When the magnitude of the 
PBG-evoked reflex had returned to control levels bicuculline and DTX were 
simultaneously microinjected into the NTS. Under these circumstances, injection of PBG 
resulted in a depressor response of 22 ±5% and a bradycardia of 51 ± 7. 
99 















Figure 16. Barcharts to show the baseline falls in mean arterial pressure (MAP) 
and heart rate (HR) following microinjection of a potassium channel antagonist 
into the NTS. (A) All four potassium channel antagonists significantly reduced 
resting MAP (B) Microinjection of the K(.,, antagonists, apamin (APA, n=l 1) and 
charybdotoxin (ChTX, n=13), significantly reduced resting HR, though the Kv 
antagonists, 4-aminopyridine (4-AP; n=20) and dendrotoxin (DTX; n=19) left it 
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Increase in phrenic cycle length relative to control (100%) 
Figure 24. Grouped data to show the effect of K\ý and K(.,, on the cardio- 
pulmonary reflex. All four potassium channel antagonists attenuated the 
PBG-evoked falls in HR (A), MAP (B) and reduced the duration of reflex 
increase in phrenic nerve cycle length (() when compared to control (A &H 
open bars, ('control = 100%, APA, n=5, ChTX, n=7,4-AP, n= 12, DTX, 
n= 13 *1'<0.05, **])<0.01). 
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Figure 25. Hypothesis to explain the attenuation of the cardiopulmonary reflex 
following microinjection of potassium channel antagonists into the NTS. Since 
blockade of a potassium channel would be expected to increase neuronal 
excitability, it is possible that there is a large concentration of these channels on 
GABA interneurones which impinge on NTS neurones mediating the 
cardiopulmonary reflex. This hypothesis was tested by microinjecting 
bicuculline, a GABA, ý antagonist, into the NTS concomitantly with dendrotoxin. 
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Figure 27. GABA,, blockade in the NTS by bicuculline (BIC) prevented the 
DTX attenuation of the cardiopulmonary reflex: (A) Microinjection of BIC 
potentiated the PBG-evoked bradycardia, whereas the response was attenuated 
by microinjection of DTX, when BIC and DTX were microinjected 
concomitantly the magnitude of the subsequent cardiopulmonary reflex 
bradycardia reflected a mathematical summation of the individual effects of the 
two antagonists (* P<0.05, ** P<0.01). (B) The depressor response remained 
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Figure 28. Representative transverse sections of the dorsal medulla at levels -0.1 to - 
l. Omm caudal to obex. Sites which were effective at modulating the baroreceptor reflex 
(triangles) were located approximately 0. l mm to 0.2mm caudal to obex, whereas 
microinjections into more caudal regions of the NTS (i. e. 0.9mm to I mm caudal to the 
oben) selectively affected the cardio-pulmonary reflex (circles). Sections are re-drawn 
from (1). Abbreviations: AP, area postrema, C, central canal: Cu, cuneate nucleus: Gr. 
`gracile nucleus: NTS, nucleus tractus solitarius: ts, solitary tract: 10, dorsal vagal motor 
nucleus: 12. hvpoglossal motor nucleus. 
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3.1.4. Discussion 
As far as we know this is the first study to investigate the physiological significance of Kv 
and Kca in the NTS for cardiorespiratory reflex function. Blockade of Kca potentiated the 
baroreceptor reflex but attenuated the cardiopulmonary reflex, whereas antagonising Kv 
produced a qualitatively similar depression of both reflexes. 
Specificity of the microinjection technique 
The microinjection technique is a useful first approach for understanding the physiological 
significance of channels or receptors and is dependent on sufficient diffusion of injectate 
to produce a systems level response. As suggested previously (Lipski et al., 1988; 
Nicholson, 1985) this technique does, however, have numerous disadvantages particularly 
concerning the degree of specificity. Using equations derived by Nicholson (1985) it can 
be estimated that a microinjection of 50 nl will spread approximately 550 gm; however, 
the `effective' spread may well be less since the drug concentration will decrease from its 
source, and furthermore, in the intact animal, will be removed by the circulation. 
Specificity of microinjection sites in NTS 
Our results indicate that the effective spread of drugs was within previously determined 
estimates (Nicholson, 1985) since we could demonstrate site specificity of drugs on either 
the baroreceptor reflex, or the cardiopulmonary reflex, after microinjections into 
anatomically distinct regions of the NTS (i. e. 100-200 µm and 900-1000 µm caudal to the 
obex; see Figure 28 and 3.1.3 above). Although baroreceptor and pulmonary C fibre 
afferent innervation of NTS partially overlap, anatomical evidence suggests that there is a 
difference in the density of labelling of these afferents within this nucleus. Studies in the 
rat (Higgins et al., 1984) and rabbit (Wallach & Loewy, 1980) suggest that aortic nerve 
afferents project, in part, to the commissural NTS, a region that has been described as 
playing an integral role in the cardiopulmonary reflex (Bonham & Joad, 1991); however, 
the density of this baroreceptor innervation, particularly in the very medial regions that we 
microinjected into, which contain high densities of pulmonary vagal afferents (see below; 
Bonham & Joad, 1991), is not as great as that seen at the level of the obex. Since the 
microinjection technique relies on recruiting sufficient neurones to effect a change at the 
systems level, this could account for the large degree of specificity for the 
cardiopulmonary reflex at the commissural level. Similarly, it has been demonstrated, 
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using microinjections of cobalt chloride into NTS, that the primary site of pulmonary C 
fibre afferent termination lies between 0.7 and 1.1mm caudal to obex (Bonham & Joad, 
1991), a region that was effective in modulating the cardiopulmonary reflex but not the 
baroreceptor reflex, and which lies at least 0.5mm caudal to the sites where we could 
modulate the baroreceptor reflex consistently. Moreover, recent electrophysiological 
studies in the mouse (Paton, 1998c) and cat (Silva-Carvalho et al., 1998) suggest that NTS 
neurones which are synaptically driven by pulmonary C fibre stimulation, receive little 
convergent input from baroreceptors. 
Transient effects of potassium channel blockers on MAP and HR 
All four potassium channel antagonists evoked transient falls in baseline MAP and HR 
(see 3.1.3 and figure 16) indicating that both Kv and Kca have a net excitatory action on 
NTS neurones in the anaesthetised rat. These data, in combination with our results 
showing changes in reflex performance, suggest roles for potassium channels in both static 
as well as dynamic circulatory control. 
Effects of Kc. antagonists on the baroreceptor reflex 
A microinjection of either apamin or ChTX into regions of the NTS slightly caudal to 
obex resulted in an increase in the magnitude of the baroreceptor mediated reflex 
bradycardia. This might be explained by an increase in the excitability of either primary 
afferent terminals, or of NTS neurones, following potassium channel blockade, and is 
consistent with the effect of blocking Kca in NTS neurones recorded in vitro; both a 
reduction in the after-hyperpolarisation, and an increase in firing response to injected 
current was observed (Paton et al., 1993). The absence of an effect of apamin on 
dissociated NTS neurones reported previously (Moak & Kunze, 1993) might reflect either 
(i) that there is heterogeneity of NTS neurones mediating the baroreceptor reflex, or (ii) 
that the neurones studied did not belong to the population of cells mediating the 
baroreceptor reflex, or (iii) that these channels were lost during the enzymatic isolation 
procedure. 
It is perhaps surprising that antagonism of SK channels with apamin and BK channels 
with charybdotoxin produced a similar potentiation of the baroreceptor reflex and an 
almost identical attenuation of the cardiopulmonary reflex. There is no a priori reason to 
expect that the distribution of these two channel types would be similar on a given 
neurone, or indeed that their blockade would produce a quantitatively similar systems 
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effect. The limitations of the present experiments do not permit further interpretation; a 
detailed cellular analysis investigating the relative distribution and density of the two Kca 
conductance types on characterised NTS neurones is required (see Section 3.3.2). 
Anomalous effects of blocking K channels on the baroreceptor and 
cardiopulmonary reflexes. 
We found that ChTX and apamin, in contrast to their effects on the baroreceptor reflex, 
attenuated the cardiopulmonary reflex. Furthermore, we demonstrated that blockade of Kv 
also reduced both baro- and cardiopulmonary reflexes. One possible interpretation of these 
data is that Kca and Kv are predominantly located on inhibitory (e. g. GABA) 
interneurones impinging on NTS cells mediating cardiorespiratory reflexes (Figure 25). In 
this regard, only 40 % of dorsal NTS neurones at the level of, and caudal to, the area 
postrema recorded in vitro contained 4-AP-sensitive currents and 64 % apamin-sensitive 
currents (Paton et al., 1993). Thus, following blockade of potassium channels in GABA- 
interneurones excitability would be expected to increase (e. g. Connor & Stevens, 1971; 
Rybak et al., 1997) which would augment levels of tonic inhibitory drive thereby reducing 
reflex efficacy. This is supported by the observation that antagonism of GABAA receptors 
within the NTS using bicuculline led to an increase in the magnitude of the 
cardiopulmonary reflex bradycardia; moreover, a concomitant microinjection of DTX and 
bicuculline prevented the attenuating effect of DTX on the PBG evoked bradycardia. It 
should be emphasised, however, that these data do not reveal whether this is the result of 
the summation of two dependent, or mutually exclusive events. 
The attenuating effects of potassium channel blockers on cardiorespiratory reflex control 
reported here are analogous to recent studies where activation of 5HT3 receptors within 
the NTS reduced the gain of baroreceptor, chemoreceptor and cardiopulmonary reflexes 
(Merahi et al., 1992; Sevoz et al., 1997; Sevoz et al., 1996; Sevoz et al., 1996). Since 
5HT3 receptors are known to mediate excitatory actions (Richardson & Buckheit, 1988), it 
was suggested that the effects of 5HT3 receptors were mediated via a local GABAergic 
system within the NTS (Sevoz et al., 1997). This was further supported by the finding that 
bicuculline prevented the inhibitory effect of 5-HT on the baroreceptor reflex (Merahi et 
al., 1992). In this regard, more than 90 % of 5-HT3 receptor expressing cells in the 
neocortex and hippocampus are GABAergic (Morales et al., 1996). By analogy, our data 
would predict that GABA containing interneurones within the NTS contain relatively 
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large numbers of Kv channels and those that control the cardiopulmonary reflex also have 
high numbers of Kca conductances 
The involvement of potassium channels on presynaptic membrane terminals must also be 
considered. It is possible that our microinjections of potassium channel antagonists caused 
a depolarisation block of the peripheral afferent endings. Alternatively, potassium 
channels may exist on the terminals of local GABA containing neurones (see above). 
There is substantial evidence supporting the presence of Kv in GABAergic terminals: in 
synaptosomal preparations both 4-AP (Tapia & Sitges, 1982) and DTX (Weller et al., 
1985) have been shown to release GABA, whereas inhibitory neurotransmission was 
enhanced by DTX in pyramidal cells (Dolly et al., 1984). To our knowledge there are no 
such reports detailing the existence of Kca in presynaptic GABAergic terminals. 
Conclusions 
These in vivo data indicate that Kv and Kca play an important role in determining the 
efficacy of both the baroreceptor reflex and the cardiopulmonary reflex in vivo. The 
attenuation of the cardiopulmonary reflex with both types of antagonist, and the reduction 
in the baroreceptor reflex gain following blockade of Kv, were unexpected results. 
Nevertheless, based on our data obtained with bicuculline, together with previous reports 
of enhanced GABA-mediated neurotransmission following potassium channel blockade, 
the notion that there is a predominance of potassium channels on some GABAergic 
interneurones within the NTS is supported. 
In this regard, it is particularly interesting to note that apamin and ChTX both exerted 
opposite effects on the two reflexes. Since baroreceptive NTS neurones are known to 
receive considerable GABAergic input (see Section 1.5.3) in vivo, for our hypothesis to 
remain tenable these inhibitory interneurones, unlike those involved in the 
cardiopulmonary reflex, would be expected to be deficient in Kca channels. In other words, 
it is feasible that the NTS contains different populations of GABAergic interneurones with 
distinct intrinsic membrane properties (this possibility is discussed in Section 3.3.1, and is 
summarised in Figure 43). These hypotheses were investigated further in vitro; the results 
of these experiments are described in the next section. 
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3.2. 
DIFFERENTIAL EFFECTS OF POTASSIUM CHANNEL 
ANTAGONISTS ON NEURONAL EXCITABILITY IN THE NTS 
STUDIED IN VITRO 
3.2.1. Introduction 
In this study we concentrated our attention on the mechanisms which could potentially 
explain the contrasting effects of apamin blockade of KCa in the NTS in vivo. We found 
that blockade of SK channels with apamin can both increase and decrease the excitability 
of neurones recorded from the dorsal NTS. Preliminary data suggests that 4-AP and DTX 
can also exert a differential effect on neuronal excitability. The possibility that the 
inhibitory effects of these drugs seen on some neurones reflects the involvement of a 
GABAergic network within NTS is discussed 
3.2.2 Methods 
Slice preparation 
Sprague Dawley rats of either sex aged between post-natal day 6-11 were deeply 
anaesthetised by inhalation of halothane. Once the animal failed to respond to a noxious 
pinch to a paw or the tail, it was decapitated at the C2 level of the spinal cord. Transverse 
slices of brainstem were cut (350µm thick) using a vibraslice (Campden Instruments Ltd.; 
752M Vibroslice) in chilled, carbogen (95% 02: 5% CO2) gassed ACSF (same 
constituents as described in Section 2.2.4. ). Slices were taken at the level of area postrema 
(+0.2 mm to -0.7 mm relative to obex), and subsequently stored in carbogen gassed 
ACSF. Slices were transferred to a thermostatically controlled recording chamber, and 
superfused with warm (31 ± 0.5 °C), carbogen gassed ACSF at a rate of between 2 and 3 
ml/min. 
Recording techniques 
Intracellular recordings were made in whole-cell mode, from subnuclei of the NTS known 
to contain baroreceptor and pulmonary C fibre afferent terminals (i. e. dorsomedial and 
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medial to the tractus solitarius [TS]). Patch pipettes (4 ± 0.5 MSZ) were filled with the 
following intracellular solution (in mM): 130 potassium gluconate, 10 Hepes, 11 EGTA, 4 
NaCl, 2 MgC12,1 CaCl2,2 MgATP, 0.5 GTP and 5 glucose. Recorded potentials were 
amplified (SEC 05L, NPI, Tamm, Germany) and stored on hard disk using SPIKE 2 
software (Cambridge Electronic Design; sampling frequency 5 kHz) for subsequent off- 
line analysis. 
Experimental protocol and analysis 
Three protocols were compared before and after delivery of drug(s) delivered directly into 
the recording chamber (volume: 1.5 ml) using a syringe pump: 
(1) Membrane input resistance was calculated from the steady-state portion (last 400 
msec) of 800 msec square-wave hyperpolarising current pulses (-30 pA to -60 pA). This 
current range was selected because it was on the linear portion of the I-V curve. 
(2) Square-wave pulses of depolarising current (1.5 sec; +10 pA to +140 pA depending on 
the neurone) were given and the threshold current required to evoke an action potential 
(the rheobase) was determined. The average firing responses to a current intensity of 
threshold plus 20 pA were measured (n > 3), and the following four variables were 
compared before and after drug administration: (i) the time taken from the start of the 
current injection to the onset of the first action potential ('onset latency'); (ii) the 
minimum inter-spike interval (usually between the first and second spike); (iii) the 
average magnitude of the action potential after-hyperpolarisation of the last three action 
potentials in the train; (iv) the number of action potentials in the 1.5 second pulse. 
(3) Synaptic potentials were evoked by electrically stimulating the ipsilateral TS (0.2 msec 
pulse-width; 0.5 -5 V) using a bipolar concentric electrode. Single shocks were delivered 
with a stimulus generator (Neurodata PG 1000) connected to a stimulus isolator 
(Digitimer DS2A). Evoked IPSPs were measured at depolarised membrane potentials 
(approximately -46 mV); while evoked EPSPs were measured at a holding potential of - 
68 mV (the calculated chloride equilibrium potential for our solutions) in order to 
minimise contamination from inhibitory, chloride mediated events. In each case at least 
six evoked PSPs were averaged before and after application of a drug. 
Appendix II contains the CED Spike 2 script file which was written for subsequent off- 
line analysis. All data presented are mean ± standard error of the mean. Statistical 
significance was tested with either a paired or unpaired Students t-test as appropriate. 
120 
Drugs 
In a preliminary study a range of apamin concentrations were tested (Alamone Labs; 10 - 
100 nM). These concentrations produced qualitatively similar effects, with the exception 
that at 10 nM washout was much easier to obtain. The concentration of the other drugs 
used were: dendrotoxin (Alamone Labs; 10-100nM); 4-AP (Sigma; 0.5-2 mM); 
bicuculline methiodide (Sigma; 10 µM) 
3.2.3. Effects of Apamin on NTS Neurones 
Thirty-six whole-cell intracellular recordings were made from cells which were silent at 
their resting membrane potential (RMP). These cells were classified into three groups 
based on whether their repetitive firing response during positive current injection 
increased, decreased, or did not change following bath application of apamin (Figure 29). 
The RMPs and input resistances (Figure 30) were not significantly different between the 
three groups of neurones. 
(I) `Increase' neurone group (8/36) 
(i) This group of cells had an RMP of -56 ±2 mV and an input resistance of 384 ± 58 
MQ, values which were not significantly altered following bath application of apamin (-56 
±2 mV and 389 ± 58 M92 respectively; Figure 30). 
(ii) Under control conditions the average threshold current intensity required to evoke an 
action potential was 51 ± 10 pA. Injection of 71 ± 10 pA (threshold plus 20 pA; see 
Section 3.2.2) of positive current over a period of 1.5 seconds produced on average 16 ±2 
action potentials; application of apamin increased the number of evoked spikes to 22 ±3 
(P < 0.001, paired t-test; Figures 29,31 & 32). This was accompanied by decreases in the 
onset latency (79 ± 11 to 65 ± 11 msec; P<0.05), the minimum inter-spike interval (71 f 
9 to 54 ±6 msec; P<0.05), and the amplitude of the action potential after- 
hyperpolarisation (-7.9 ± 0.7 to -6.1 ±1 mV; P<0.05, paired t-test; Figure 31). 
(iii) Electrical stimulation of the TS produced synaptically evoked post-synaptic potentials 
(PSPs) in 5 of 8 neurones tested. In 4 of these 5 neurones only an EPSP was evoked, 
which was insensitive to apamin (5.9 ± 0.7 mV to 5.5 ± 1.4 mV; Figure 37). Only one of 
the five cells demonstrated an EPSP-IPSP complex following TS stimulation, which was 
unaffected by apamin (Figure 36). 
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(2) `Decrease' neurone group (15/36) 
(i) Under control conditions this category of neurones had an RMP of -54 ±2 mV and an 
input resistance of 402 ± 21 MK I. Following bath application of apamin, the RMP was not 
altered (-53 ±2 mV), whereas the input resistance fell to 353 ± 21 M92 (P < 0.001, paired 
Student's 1-test; Figures 30 and 38). This fall in input resistance contrasts with that seen in 
the other two groups of cells (see above and below), which were unchanged in the 
presence of apamin. 
(ii) The average threshold current intensity for this group of neurones was 32 ±4 pA; 
injection of 52 ±4 pA of positive current produced 17 ±1 action potentials under control 
conditions and 11 ±2 spikes in the presence of apamin (P < 0.001, paired t-test; Figures 
29,33 and 34). In contrast to the `increase' group of cells (see above), both the onset 
latency and the minimum inter-spike interval were significantly increased in the presence 
of apamin (57 ±9 to 75 ± 14 msec, and 46 ±7 to 76 ± 13 msec respectively; P<0.01), 
while the amplitude of the action potential after-hyperpolarisation was unaffected (-7.2 ± 
0.5 to -8.1 ± 0.7 mV). 
(iii) Electrical stimulation of the TS produced synaptically evoked PSPs in 12 neurones. 
Nine of the 12 neurones displayed an EPSP-IPSP complex: the amplitudes of the IPSPs 
were increased by apamin from -1.7 ± 0.4 mV to -3.2 ± 0.6 mV (P < 0.01, paired t-test; 
Figure 35,36) while the EPSP amplitudes were unaffected when the membrane potential 
was held at -68 mV, the calculated chloride equilibrium potential (9.9 ± 2.6 mV to 8.9 ± 
2.0 mV; Figure 37). One cell demonstrated a single evoked IPSP (without an EPSP), 
which was also potentiated by apamin (Figure 40). The remaining two cells displayed only 
an evoked EPSP. 
(3) `No Change' neurone group (I 3/36) 
(i & ii) In the remaining 13 cells apamin affected neither RMP (-56 ±2 mV; Table 1), nor 
input resistance (416 ± 39 MS2; Figure 30), nor responsiveness to positive current injection 
(57 ±6 pA; 16 ±2 spikes; Figure 29). 
(iii) Electrical stimulation of the TS produced EPSP-IPSP complexes in 6/12 neurones: the 
IPSPs were increased from -2.6 ±1 mV to -3.6 ± 0.8 mV (P < 0.05, paired t-test; Figure 
36) by apamin; whereas the EPSPs were not significantly affected (10.2 ± 1.2 to 8.8 ± 1.9 
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mV; Figure 37). In the remaining 6 cells, only EPSPs were observed, which were also not 
affected by apamin (8.2 ± 1.8 to 8.3 ± 2.1 mV; Figure 37). 
Comparison of firing properties between groups. 
Since the three groups of neurones had similar RMPs and input resistances, it was possible 
to make a direct comparison of their basal excitability. Under control conditions the 
`increase' group had a significantly larger rheobase than the `decrease' group (see above; 
P<0.05, unpaired t-test), but not the `no change' group. 
Bicuculline prevents effects of apamin on 'decrease' neurone group. 
Intuitively, we expected that blockade of a potassium channel would lead to an increase in 
neuronal excitability. However, a significant proportion of the neurones in this study 
demonstrated a decreased responsiveness to injection of positive current, together with 
both a reduction in input resistance, and an increase in the amplitude of synaptically 
evoked IPSPs in the presence of apamin. This suggested to us that apamin could be 
increasing the excitability of inhibitory interneurones which impinge on the recorded 
neurone (compare Figures 25 and 43). In order to test this hypothesis the GABAA receptor 
antagonist, bicuculline, was concomitantly applied with apamin in four cells from the 
`decrease' neurone group (Figures 38 & 39). These cells had recovered, after a 30 minute 
washout period, from a previous exposure to apamin, and the three protocols were 
repeated. 
Under control conditions, injection of 55 ± 17 pA of positive current produced an average 
of 18 ±2 action potentials, which decreased to 13 ±1 in the presence of apamin (P < 0.01, 
paired Student's t-test). After recovery had been obtained (17 ±3 spikes), subsequent 
application of both apamin and bicuculline (10 µM) did not change the number of evoked 
action potentials (20 ± 1). Similarly, apamin reduced the membrane input resistance from 
375 ± 47 MS to 339 ± 42 MSZ (P < 0.05, paired Student's t-test), which then recovered to 
377 ± 48 M92 during washout; concomitant application of both apamin and bicuculline 
increased the membrane input resistance (396 ± 55 MSZ; P<0.05, paired t-test). 
Furthermore, bicuculline also abolished the apamin potentiated, synaptically evoked, IPSP 
(control, -1.8 ± 0.7 mV; apamin, -3.5 ± 0.6 mV; apamin and bicuculline, -0.1 ± 0.1 mV; P 
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60 pA; 1.5 sec pulse 
Figure 33. Whole-cell recording from an NTS neurone that decreased in 
its responsiveness to positive current injection following bath application 
of apamin. The number of action potentials evoked following injection of 
60 pA of positive current was decreased in the presence of apamin (middle) 
compared to control (top); this effect was associated with a fall in the cell's 





















































































Figure 35. Synaptically evoked IPSPs were potentiated by apamin. This NTS 
neurone, a member of the `decrease' group of cells, was depolarised to -49 mV 
and the tractus solitarius electrically stimulated (stars - vertical line is the 
stimulus artefact) which, after a short delay, produced an EPSP-IPSP complex. 
Following addition of apamin to the superfusate, the amplitude of the evoked 
IPSP was increased, while the EPSP amplitude was reduced; the latter 
presumably a result of the increased IPSP. All traces are an average of six 
sweeps. 
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Figure 39. Bicuculline prevents the reduction in excitability seen in some NTS 
neurones following bath application of aparnin (n = 4). Tp: bar chart depicting 
the number of spikes evoked during a 1.5 second depolarising current pulse. 
Bottom: bar chart showing the neurones' input resistance (*/' < 0.05; **P 
0.01). 
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Figure 40. Stimulation of the tractus solitarius (stars - vertical line is the 
stimulus artefact) evoked only an IPSP in this neurone (a member of the 
'decrease' group), which was increased in amplitude in the presence of 
apamin. Following washout, simultaneous application of apamin and 
bicuculline abolished the evoked IPSP, 
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3.2.4 Effects of Dendrotoxin and 4-AP on NTS Neurones 
In order to determine whether Kv antagonists could also decrease NTS neuronal 
excitability, preliminary studies were carried out in which the effects of DTX and 4-AP 
were examined on NTS neurones. The same protocols were used as before except that the 
solitary tract was not stimulated, and the width of the depolarising current pulse was set to 
either 800 msec or 1500 msec. The cells were classified into three groups as described 
previously. 
Effect of dendrotoxin on NTS neurones 
Of the 16 cells tested with DTX, 6 increased (Figure 41), 2 decreased (Figure 42) and 8 
did not change in their responsiveness to positive current injection (Table 3). Only 1 of the 
2 neurones which decreased in excitability displayed a concomitant fall in input resistance 
(- 10 %). The RMPs, input resistances and rheobases were not significantly different 
between the three groups of neurones (Table 3), nor were these variables affected by bath 
application of DTX. 
Effect of 4-aminopyridine on NTS neurones 
Nine cells were exposed to 4-AP: 3 increased, 2 decreased and 4 did not change in their 
responsiveness to positive current injection. Both the cells that decreased also showed a 
drop in input resistance. As can be seen in Figure 43, in one of these cells 4-AP produced 
a significant enhancement in spontaneous release of GABA; similar effects were not 
observed following bath application of either apamin or DTX. In two other cells which 
increased in excitability, spontaneous release of (presumably) glutamate was observed. 
Clearly, blockade of 4-AP sensitive channels, which are ubiquitous in neurones, produces 
significant effects on neurotransmitter release. 
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130 pA; 1500 msec pulse 
Figure 41. Bath application of DTX increased the number of evoked spikes to 
130 pA of positive current injection but had no effect on the NTS neurone's input 





80 pA; 1500 msec pulse 
Figure 42. In this NTS neurone bath application of DTX reduced the 
number of evoked spikes to 80 pA of positive current injection; this was 
associated with a fall in input resistance from 409 MSZ to 374 M92, which 









Figure 43. Whole-cell recording from an NTS neurone that decreased in 
responsivenes to positive current injection in the presence of 4-AP (not shown). 
The three traces demonstrate that the number and amplitude of spontaneous, 
bicuculline sensitive IPSPs were enhanced in the presence of 4-AP when the 
cell was depolarised to -45 mV. 
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4-AP & BIC 
3.2.5 Discussion 
The present study has characterised three groups of NTS neurones based on their 
responsiveness to positive current injection following apamin blockade of Kca: (i) 22% of 
the cells increased in excitability; (ii) 42% decreased in excitability, presumably as a result 
of increased tonic GABAergic drive to the cells; (iii) 36% were unaffected. Similar effects 
were seen with DTX and 4-AP. 
Apamin `Increase' NTS neurone group 
Around a quarter of the neurones increased in their responsiveness to positive current 
injection in the presence of apamin; this was associated with reductions in the spike onset 
latency, the minimum interspike interval, and the amplitude of the action potential after- 
hyperpolarisation. Furthermore, under control conditions these cells had a higher rheobase 
than the `decrease' group. Taken together, these observations suggest that the `increase' 
group of neurones possessed a relatively high density of apamin-sensitive channels in their 
cell membrane. Moreover, these cells tended to receive only excitatory input following 
stimulation of the TS. Since we used negative current injections to test input resistance, it 
is not surprising that apamin had no effect on input resistance, as under these conditions 
the intracellular calcium concentration would be too low to activate the SK channels. 
Apamin `Decrease' NTS neurone group 
A separate population of neurones displayed a decreased sensitivity to injection of 
positive current in the presence of apamin; this was associated with a reduction in input 
resistance - the opposite result to that expected after blockade of an ion channel. However, 
both the reduction in responsiveness to positive current injection, and the decrease in input 
resistance were sensitive to the GABA, A antagonist, bicuculline. This finding suggests that 
these effects were the result of an increase in the level of tonic GABAergic inhibitory 
synaptic drive impinging on the recorded neurone. This is supported by the fact that the 
majority of these neurones received synaptically evoked EPSP-IPSP complexes, the 
inhibitory components of which were both increased in amplitude by apamin, and 
abolished by bicuculline. Furthermore, apamin had no effect on the action potential after- 
hyperpolarisation, which suggests a low density of SK channels in the membranes of these 
cells. 
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It is not clear whether the apamin sensitive channels are located on the soma and/or the 
presynaptic terminals of the GABAergic interneurones. However, indirect evidence 
suggests that the TS-evoked IPSPs were potentiated as a result of blockade of SK channels 
on the presynaptic terminals of GABAergic interneurones innervating the recorded cell; 
we stimulated the TS with a single shock of short duration (0.2 msec), which we presume 
evoked a single action potential under both control conditions and during exposure to 
apamin. Thus apamin may be acting to prolong the duration of the action potential at the 
presynaptic terminal resulting in an increase in the release of GABA. 
Apamin'No change' NTS neurone group 
Based on the arguments outlined above, it is perhaps surprising that in this group six of 
twelve neurones received an inhibitory TS-evoked input, which was potentiated by 
apamin. However, it is important to bear in mind that the input resistance did not decrease 
in these six cells in the presence of apamin. This may reflect the fact that these cells did 
not receive a particularly strong tonic, apamin sensitive, inhibitory input. This is consistent 
with the lack of an effect on the firing response to injected current during exposure to 
apamin. 
Synaptically evoked EPSPs. 
It is very difficult to interpret the effect of apamin on synaptically evoked EPSPs which 
are part of an EPSP-1PSP complex; the apamin-potentiated IPSP is likely to reduce the 
EPSP amplitude (Figure 35), even when the cell is held close to the calculated chloride 
equilibrium potential, by shunting the incoming excitatory inputs (Furshpan & Potter, 
1959; Scholfield, 1978; Miles, 1986). For this reason, the lack of an effect with apamin on 
evoked EPSPs should be interpreted with care. For example, Kca have been recorded in 
both the nodose (Hay & Kunze, 1994) and the petrosal ganglia (Belmonte & Gallego, 
1983), and by analogy may be present on the central synaptic terminals (Andresen & 
Kunze, 1994). Furthermore, antagonism of Ka on presynaptic terminals has been shown 
to lengthen the local depolarisation leading to a greater influx of calcium, and an increase 
in transmitter release (Delaney et al., 1991; Jackson et al., 1991; Robitaille & Charlton, 
1992). 
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Comparison with previous in vitro data 
There is some disagreement in the literature regarding the role of apamin sensitive 
channels in cardiorespiratory NTS neurones. Paton et al. (1993) proposed that around two 
thirds of NTS neurones contain Kca, although the number of neurones tested was limited. 
This presumably explains why a reduction in neuronal excitability with apamin was not 
reported. In contrast, Moak & Kunze (1993) recorded from acutely dissociated NTS 
neurones with a specific morphology, and reported a small degree of apamin sensitivity in 
only 6 of the 12 cells tested. This is possibly because the neurones they selected did not 
express apamin sensitive channels, or, alternatively, it could be due to the loss of the SK 




With the exception of studies on invertebrates such as Aplysia (e. g. Strong & Kaczmarek, 
1986), the functional implications of potassium channel activity at the systems level 
remain largely uninvestigated. Clearly, though, these currents play a pivotal role in 
determining the excitability of neurones, and, as such, are prime targets for regulation by 
neurotransmitters and second messengers. Indeed, such neuromodulation has been 
implicated in mechanisms of plasticity such as learning and memory, and perhaps, by 
analogy, may prove important in the NTS for determining, for example, baroreceptor 
reflex set point. Different densities and types of potassium channels may also account for 
more hard-wired mechanisms such as the contrasting potencies of the baroreceptor versus 
cardiopulmonary reflexes (see Sections 3.1 and 3.3.1). 
3.3.1. K channels in NTS Neurones and Cardiorespiratory 
Control 
Working hypotheses 
Since there is minimal convergence of baroreceptor and pulmonary C fibre synaptic inputs 
onto NTS neurones in both the mouse (Paton, 1998c) and the cat (Silva-Carvalho et al., 
1998), Figure 44 shows a plausible hypothesis to explain the data obtained with apamin 
both in vivo and in vitro. Microinjection of apamin into the NTS potentiated the 
baroreceptor reflex; 22 % of NTS neurones recorded in vitro increased in excitability in 
the presence of apamin. In contrast, microinjection of apamin attenuated the 
cardiopulmonary reflex; 42% of NTS neurones recorded in vitro were less excitable 
following exposure to apamin, presumably due to an increase in the excitability of 
GABAergic interneurones impinging on the recorded neurone (these neurones could, of 
course, be members of the `increase' group of cells). Whether this effect was due to 
blockade of SK channels on the presynaptic membrane and/or the soma is unclear at 
present. Furthermore, some NTS neurones decreased in excitability following bath 
application of DTX or 4-AP, effects which could be the result of similar mechanisms to 
those outlined above and in Figure 44. 
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Subpopulations of GABA-ergic interneurones? 
As discussed previously, baroreceptive NTS neurones are known to receive inhibitory 
inputs in vivo; for example, electrical stimulation of the hypothalamic defence area 
reduces the activity of baroreceptive NTS neurones via GABAergic interneurones (Jordan 
et al., 1988). Moreover, unpublished data from the WHBP suggests that barosensitive 
NTS neurones receive tonic GABAergic synaptic drive, as topical application of 
bicuculline potentiates both the neurone's responsiveness to baroreceptor input, and the 
baroreceptor reflex bradycardia (Li, Kasparov and Paton, paper in preparation; see 
Appendix III). A plausible notion, therefore, is that NTS GABAergic interneurones, which 
impinge on baroreceptive neurones, may not have apamin sensitive Kca channels, whereas 
those involved in controlling the cardiopulmonary reflex do contain these channels (Figure 
44). In this regard, in our study in vitro (Section 3.2) not all synaptically evoked IPSPs 
were potentiated by apamin. The idea of different subpopulations of GABAergic 
interneurones has also been proposed to explain the phenomenon of tetanus-induced 
sustained potentiation of synaptically evoked IPSCs (Glaum & Brooks, 1996). 
Furthermore, it is likely that GABAergic interneurones differ in other biophysical and 
pharmacological properties. This may have important therapeutic implications. For 
example, the function of the NTS GABAergic network is altered both in hypertensive 
animals (Roberts et al., 1993; Tsukamoto & Sved, 1993; Sved, 1994), and after sinoaortic 
denervation (Solignac et al., 1988), and thus may be involved in the aetiology of essential 
hypertension. It may be possible in the future to target drugs to specifically correct 
disfunctioning GABAergic neurones controlling the baroreceptor reflex. Interestingly, 
preliminary data from our laboratory suggests that postsynaptic GABAA receptors in NTS 
neurones have unusual pharmacological characteristics; currents evoked by 
iontophoretically applied GABA were not significantly altered by benzodiazepine 
agonists, but were potentiated by pentobarbitone (Kasparov & Paton, 1998). These 
observations may be relevant to the known differences in the safety ratios of 
benzodiazepines and barbiturates (Hobbs et al., 1995). 
Physiological role of potassium channels in NTS neurones 
It is interesting to note that stimulation of the hypothalamic defence area (Mifflin et al., 
1988), parabrachial nucleus (Felder & Mifflin, 1988), or cerebellar uvula (Paton et at, 
1990a) in vivo produces IPSPs in baroreceptive NTS neurones which may be of sufficient 
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amplitude to remove the inactivation of the A-current, and permit the expression of 
delayed excitation (DE; Felder & Mifflin, 1994). Furthermore, a putative role for DE in 
the aetiology of hypertension was recently suggested (Sundaram et al., 1997); NTS 
neurones from spontaneously hypertensive rats (SHRs) show a DE of significantly shorter 
duration than control animals (Sundaram et al., 1997). Thus NTS neurones from SHRs 
would be expected to be more responsive to afferent input than their normotensive 
counterparts, which may partly explain the increased sympathetic discharge seen in the 
hypertensive animals. It is also possible that intrinsic membrane properties could underlie 
the repeated observation that mNTS neurones receiving baroreceptor input do not usually 
exhibit pulse phasic activity (for review see Mifflin & Felder, 1990). 
There is clearly a disparity in the ratio of afferent input to cardiovascular output between 
the cardiopulmonary reflex and the baroreceptor reflex. Phenylbiguanide has been 
reported to produce a burst of impulses (10-30 Hz lasting 2-4 seconds) in pulmonary C 
fibres (Paintal, 1973), which evoke a very potent reflex bradycardia (mouse -500 bpm, 
figures 6 and 11; rat -400 bpm, figures 22 and 23). In contrast, A-type aortic baroreceptor 
of erents respond to pressure challenges of 40-120 mmHg with firing frequencies in 
excess of 100 Hz (Andresen, 1984). In the rat we found that a pressure rise of -70 mmHg 
produced a reflex bradycardia of only 90 bpm (Table 2). It would be reasonable to 
hypothesise, therefore, that there are central mechanisms which dampen down the activity 
of barosensitive NTS neurones and/or enhance the activity of PCF-sensitive cells. With 
this is mind, it is interesting to note that 40 % of barosensitive NTS neurones recorded in 
the WHBP show SFA and PTH, presumably as a result of Kca currents. (Li, Kasparov and 
Paton, paper in preparation; see Appendix IV). This is entirely consistent with the 
hypotheses outlined in Figure 44. Alternatively, the contrasting reflex potencies may 
reflect differences in the number of synaptic contacts an NTS neurone makes with cardiac 
vagal motorneurones. 
3.3.2 Subcellular Localisation of Potassium Channels in the CNS 
The recent development of immunocytochemical, electrophysiological and optical 
techniques has enabled investigations into the subcellular localisation of ion channels, 
including potassium channels, though, to date, this work has not focused on NTS 
neurones. However, it is possible that similar mechanisms of synaptic plasticity are 
present in the NTS, making it relevant to briefly discuss some of these interesting data 
here. 
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A-type potassium channels 
Recently, it has been reported that there are five times as many A-type potassium channels 
in distal compared to proximal dendrites in hippocampal pyramidal cells (Magee et al., 
1998; Hoffman et al., 1997). This is in agreement with immunohistochemical studies 
which found an increased density of the transient potassium channel subtype Kv4.2 in 
distal dendrites of CAI pyramidal cells (Sheng et al., 1992; Maletic-Savatic et al., 1995). 
In contrast, the density of delayed rectifier potassium channels, sodium channels and 
calcium channels appeared to be relatively constant throughout the dendritic arborisation 
(Hoffman et al., 1997). Thus this gradient of channel densities makes the proximal regions 
of the neurone more excitable than the distal regions even though distal dendrites have a 
full complement of channels carrying inward current. 
This has important functional implications for the integration of synaptic inputs: 
(1) Hoffman et al. (1997) showed that dendritic sodium channels boost EPSPs, but that 
this enhancement is normally prevented by KA currents. Thus inactivation of A-type 
channels in a dendrite by local synaptically evoked depolarisation would be expected to 
facilitate subsequent excitatory inputs to that dendrite, leaving more distant regions of the 
neurone relatively less responsive. 
(2) The spike initiation zone is generally assumed to be in the axon and/or the cell body. 
However, if dendritic KA channels are inactivated under a particular physiological 
condition, the spike initiating zone may shift to this region of the neurone. The high 
density of KA channels in dendrites may also explain why spikes are not generated in the 
dendrites in spite of the fact that there is a similar density of sodium channels in the 
dendrites and soma. 
(3) In many types of neurone, action potentials from the cell body are known to `back- 
propagate' through the dendritic tree (for review see Stuart et al. (1997). These back- 
propagating spikes reach distal dendrites and raise intracellular calcium locally. In 
neocortical pyramidal neurones the temporal coincidence of EPSPs and back-propagating 
spikes produces long term potentiation, which is dependent upon the integrity of NMDA 
receptors (Markram et al., 1997). However, if the back-propagating spikes reach the 
dendritic spines 10 msec before the EPSPs occur, a long-lasting decrease in synaptic 
efficacy results (Markram et al., 1997). This could have parallels to the NTS where 
frequency dependent depression of synaptically evoked excitatory inputs was reported 
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both in vitro (Miles, 1986), and in vivo (Mifflin & Felder, 1988). It is important to note, 
however, that not all neurones have backpropagating action potentials (Stuart et al., 1997). 
(4) Finally, potassium channels are controlled by numerous transmitters, chemical 
messengers, cation concentrations, auxiliary subunits, and by oxidative and 
phosphorylation states (for reviews refer to Rudy, 1988; Breitwieser, 1996; Gage, 1992; 
Hoffman et al., 1997). The NTS contains a wide variety of neuromodulators (for review 
see Van Giersbergen et al., 1992), which could potentially act on potassium channels in 
NTS neurones; this could tip the balance of inward versus outward currents, leading to a 
modification of local dendritic excitability. 
3.3.3 Future Experiments 
Although it is possible to visualise NTS neurones in the WHBP Q. F. R. Paton, 
unpublished observation), due to the chaotic dendritic arborisation of these cells it would 
be technically difficult to record from their distal dendrites. However, it is entirely feasible 
to examine the effects of potassium channel antagonists on physiologically characterised 
NTS which receive, for example, synaptic input from baroreceptors and pulmonary C 
fibres. Indeed, although as yet these antagonists have not been applied to NTS neurones in 
the WHBP, intracellular recordings using this preparation indicate that some barosensitive 
neurones express considerable SFA and PTH (see Appendix IV). 
Using the WHBP it would also be interesting to correlate the morphology (size, soma 
shape, dendrite patterns, direction of axonal projection) of physiologically characterised 
NTS neurones with their intrinsic membrane properties. It may well be possible to classify 
NTS neurones based on all these characteristics as has been demonstrated in the neocortex 
(Connors & Gutnick, 1990). 
Another approach is based on the possibility of developing a transgenic rat in which the 
gene which codes for green fluorescent protein is expressed in GABAergic interneurones 
(Kasparov and Paton - grant submitted). This would allow intracellular recordings to be 
made from identified GABAergic interneurones in both the slice and the WHBP. Indeed, 
visualisation of neurones makes dual recordings a possibility. Iontophoretic application of 
a potassium channel antagonist (this may prove difficult with many of the peptides utilised 
in this thesis) onto an identified GABAergic interneurone, while recording from a 
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APPENDIX I: CED SPIKE 2 OFFLINE 




















ToolbarSet (1, "Quit", abort%); 
ToolbarSet (2, "Diaphr", phr%); 
ToolbarSet (3, "Heart Rate", fregana%); 
ToolbarSet (4, "Blood Pressure", waveana2%); 
ToolbarSet (5, "New File", getfile%); 









Sampl e Li mitSize(-1024); 
Sample SequencerC"); 
SampleWaveform(1,0,100); 
SampleCalibrate(1, "mm Hg", 103,0); 
SampleTitle$(1, "Pressure"); 
SampleComment$(1, "Calibrated for blood pressure with red transducer X chi, ampl 250"); SampleEvent(2,0,1,100); 
SampleTitle$(2, "Ht. Rate"); 
SampleComment$(2, "No comment"); 
SampleWaveform(3,2,100); "chan%, port%, sampling rate 
SampleCalibrate(3, "mV', 3,0); 
SampleTitle$(3, "PNA"); 
SampleComment$(3, "No comment"); 
SampleEvent(4,1,1,5); 
SampleTitle$(4, "Pedal"); 
SampleComment$(4, "Ped Mark"); 
SampleTitle$(31, "Keyboard"); 
SampleComment$(31, "No comment"); 
SampleWaveform(5,0,100); 
SampleCalibrate(1, "mm Hg", 103,0); 
SampleTitle$(1, "Pressure"); 
SampleComment$(1, "Calibrated for blood pressure with red transducer X chi, ampl 250"); 





FrontView (v1 %); 



























Print ("\nBLOOD PRESSURE\ntimelT\tSYS11tDIAS1\tSYS21tDIAS2\tMEAN1\tMEAN21t-MAP\n"); 
Var amp, pos, option%; 
Var amp1, amp2, amp3, amp4, pos1; 









H CursorN ew(wavechan%, 120); 







option%: =Interact ("Add measurement to table", 1023,0, "End", "Add"); 
If option%=2 then 







Print ("%4.2f1t%4.2f1t%4.2f1t%4.2f\t%4.2f\t%4.2f1t%4.2ft%4.2f\t%4.2f1n", pos1, ampl, amp2, amp3, amp4, ((ampl- 
amp2)/3) +amp2, ((amp3-amp4)/3)+amp4, (((amp3-amp4)/3)+amp4)-(((ampl-amp2)/3)+amp2)); 
Endif; 
Until option%<>2; 
View (v1 %); 
Else 







Print ("\nHEART RATE\nbaselTltpostTltbaseFR\tpostFR\tHR FALL\n"); 
Var start, finish, fregl, freq2, option%, num%, posl, pos2, pos3; 
If fileok% then 













option%: =Interact ("Add measurement to table", 1023,0, "End", "Add"); 
If option%=2 then 






Print ("%4.2f\t%4.2f1t%4.2f\t%4.2f1t%4.2f\n", posl, pos2, fregl *60, freg2*60, (freg2-fregl)*60); 
Endif; 
Until option%<>2; 
View (v1 %); 
Else 






Var amp, pos, option%; 
Var amp1, amp2, amp3, post, pos2, pos3, pos4; 









H CursorN ew(phrchan%, 0); 




H Curs or La be I Pos(2,65); 
HCursorLabe I Pos(3,55); 
Repeat; 
option%: =Interact ("Add measurement to table", 1023,0, "End", "Add"); 










Print ("\nAMP1 \tAMP2\n"); 
Print ("\%5.4f\t%5.4f\n", amp2-ampt, amp3-ampl); 
Print ("\ntimel \ttime2\ttime3\ttime4\n"); 
Print ("\%5.4f\1%5.4fN1%5.4f\t%5.4f\n", pos1, pos2, pos3, pos4); 
End if; 
Until option%<>2; 
View (vi %); 
Else 





APPENDIX II: CED SPIKE 2 OFFLINE 
ANALYSIS PROGRAM FOR IN VITRO DATA 
Var format; 
Var amp, lat, freq, RMP; 
Var AmpVoltagel, AmpVoltage2; 
Var startl, start2; 
Var AmpCurrentl, AmpCurrent2; 
Var finisht, finish2; 
Var DeflectedVoltagel, DeflectedVoftage2; 
Var SpikeTimes11001, Spike[ ntervals[100], ISI[l 00]; 
Var Pointer, RMP1, RMP2; 
Var UseTemplate; 
Var StartDelayl, BorderDelayl, FinishDelayl ; 
Var StartDelay2, BorderDelay2, FinishDelay2; 
Var ampl2; 
Var ampl 1; 
Var pos11; 
Var posl2; 
Var posl 3; 
Var Areal; 
Var RMPFrom, RMPUntil; 
Var PotentialFrom, PotentialUntil; 
Var pulseDelayl, pulseDelay2; 
Var Potentiall, ZeroCurrentl, InjectedCurrentt; 
Var Potential2, ZeroCurrent2, InjectedCurrent2; 
Var freqchan%, SynchroChan%, phrchan%, wavechan%; 
Var fileok%, v1 %, UseTemplate%, txt%; 
Var n%, I%, v%, analy%; 
Var count%, template%; 
Sync hroChan%: =3; 
template%: =0; 






ToolbarSet (1, "Quit", abort%); 
ToolbarSet (2, "IV", iv%); 
ToolbarSet (3, "Auto IV", AutolV%); 
ToolbarSet (4, "# of Spikes", Spikes%); 
ToolbarSet (5, "Average Sr. st%); 
ToolbarSet (6, "Auto Sr. autost%); 
ToolbarSet (7, "Latency", latency%); 
ToolbarSet (8, "Select File", getfile%); 




v1 %: =FileOpen ("", 0,0); 
Window (0,0,70,95); 
FrontView (vi %); 














If fileok%=1 then 










Print ("\ nIV\ n\ Time\ tl(hold)\ tl(amp)\ tRMP\ tV(amp)\ tRESIS\ n"); 
Var amp, pos, option%; 
Var amp1, amp2, amp3, amp4, post; 
Var HCursNamel$, HCursName2$, HCursName3$, HCursName4$; 














HCursNamel $: = "Holding I"; 
HCursName2$: = "Test I"; 
HCursName3$: = "RMP"; 








option%: =Interact ("Add measurement to table", 1023,0, "End", "Add", "New Place"); 
If option%=2 then 







Print ("%6.2f\t%6.31\t%6.2f\t%6.1f\t%6. lf\t%6.3f\n", post, ampt, amp2-ampl, amp3, (amp4- 
amp3), ((amp4-amp3)/(amp2-ampl))); 
Endif; 










View (v1 %); 
Else 






Var Current, pos, option%; 
Var HCursNamel$, HCursName2$; 
Var CursNamel$, CursName2$, CursName3$; 
184 
Var Threshold, Start, Border, Finish, PeakFreq; 
Var TotalCount%, FirstLot%, LastLot%; 
Var SpikeTimes[100], Spike[ ntervals[100], DataArray[10000]; 
Var Pointer, PulseDelay, ZeroCurrent, Injected Current; 
Var M, UseTemplate%, Number%, ampcurrent; 
Var BorderDelay, FinishDelay, MeasureFrom, MeasureUntil, Post, Pos2; 
UseTemplate%: =-1; 
If (ChanVisible(101)=0) then 
ChanShow(MemChan(5)); 
Endlf 
If fileok% then 
View (txt%); 
Print ("\ nNumber of Spikes\ n"); 
Print ("\ nTime\ tl(hold)\ tl(amp)\ tRMP\ tSpikes\ tSpiks A\ tSpiks_B\ tLatency\ tMinlSI\ tISIs........ \ n"); 
View (v1 %); 
CursorSet (0); 
CursorSet (2); 
CursNamel$: = "Start"; 








HCursNamel$: = "Threshold"; 
Hcursorlabel(4,1, HCursNamel$); 
Repeat; 
option%: =Interact ("Count spikes", 1023,0, "Done", "New Place", "Add Sweeps", "Set Template"); 
If Option%=4 then 
View (v1 %); 
BorderDelay: = (Cursor(2) - Cursor(1))/2; 
FinishDelay: = Cursor(2) -Cursor(1); 
UseTemplate%: =1; 
PulseDelay: = Cursor(1)-LastTime(3, Cursor(1)); 
CursorSet (0); 
CursorSet (2); 
CursNamel$: = "FromHere"; 






If Option%=2 then 
CursorSet (0); 
CursorSet (2); 
CursNamel $: = "FromHere"; 
CursName2$: = "ToHere"; 
CursorLabel(4,1, CursNamel$); 
CursorLabel(4,2, CursName2$); ' 
Measure From: =Cursor(1); 
Measure Until: =C ursor(2); 
View (txt%); 
Print Cl "n"); 
Endlf; 
If Option%=3 then 
View (v1%); 
MeasureFrom: = Cursor(1); 
MeasureUntil: = Cursor(2); 
posl : =Measure From; 
Pos2: =NextTime(3, Post); 
Threshold: =HCursor(1); 
Repeat; 
Start: = Pos2 + Pulse Delay; 
If UseTemplate% =I Then 
Border: =Start+BorderDelay; 
Finish: =Start+FinishDelay; 
Number%: = ChanData(2, DataArray[], (Start - 0.15), (Start-0.05)); 
ZeroCurrent: =(ArrSum(DataArray[0: Number%]))/Number%; 
ArrConst(DataArrayfl, 0); 
Number%: = ChanData(2, DataArray[], (Start+BorderDelay), (Start+BorderDelay + 
0.1 o)); 
InjectedCurrent: =(ArrSum(DataArray[O: Number%]))/Number%; 
AmpCurrent: = InjectedCurrent-ZeroCurrent; 
Number%: = ChanData(1, DataArray[], (Start - 0.15), (Start-0.05)); RM P: =(ArrS um (D ataArra y[0: Numbe r%] ))/Number %; 
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Endif 
Memlmport(101,1, Start, Finish, 2,0, HCursor(1)); 
DrawMode(101,2); 
Border: =Start+B ord e rD el ay; 
Finish: =Start+Finish Delay; 
TotalCount%: =Count(101, Start, Finish); 
FirstLot%: =Count(101, Start, Border); 
LastLot%: =Count(101, Border, Finish); 
Pointer: = Start; 
For i%: =1 to totalcount% do 
SpikeTimes[i%j: =NextTime(101, Pointer); 
Pointer: =Spi keTimes[i %]; 
Next 
PeakFreq: =100; 
For i%: = totalcount% to 1 step -1 do 
Spikelntervals[i%]: =SpikeTimes[i%J - SpikeTimes[i%-1]; 





Print ("%6.1 f\ t%6.3f\ t%6.2f\ t%6.1 f1 t%6.0f\ t%6.0f\ t%6.0f\ t%6.4f\ t%6.4f', Start, ZeroCurrent, 
AmpCurrent, RMP, TotalCount%, FirstLot%, LastLot%, SpikeTimes[1]-start, PeakFreq); 
View(v1 %); 
Pointer: =Start; 
For i%: = 1 to TotalCount% do 
SpikeTimes[i%]: =NextTime(101, Pointer); 
Pointer: =S pi keTi m es [i %]; 
Next 
View(txt%); 
Print ("1 t"); 
For i%: =2 to TotalCount% do 
ISI[i%]: =spikeTimes[i%J-SpikeTimes[i%-1 J; 
Print ("%6.4f\t", (ISI[i%])); 
Next 
Print ("1 n"); 
View(v1 %); 
Pos2: =NextTime(3, Finish); 
ArrConst(DataArray[], 0); 
Until Pos2 > MeasureUntil 
Endif 
Until option%=1; 
View (vi %); 
Else 







Var post, pos2, pos3, pos14; 
Var amp1, amp2, amp3; 
Var epsp, rmp, ipsp; 
Var HCursNamel$, HCursName2$, HCursName3$; 
Var Positive[100001; 
Var vert1, vert2, vert3, vert4; 
Var hort, hor2, hor3; 
var template%; 
If fileok% then 










option%: =Interact ("Add measurement to table', 1023,0, "End", "Average Trace", "Add to table", "New place", "Set 
Template"); 
If option%=2 then 
View (v1 %); 






ampt : =hcursor(1); 
anaty%: =SetAverage(1,5000, -0.01,3,1); 
WindowVsible(1); 
Process(posl, post, 0,1); 
count%: =sweepsO; 
View (txt%); 
Print ("\ nAVERAGE SOLITARY TRACT\ n\ between\ t.. and.. \ tNrSweps\ tCurrent\ tRMP\ 
tEP(amp)X tEP(Iat)\ tIP(amp)\ tlP(1at)\ tl P(recov)\ n"); 











Cursorset(4, verti, vert2, vert3, vert4); 
CursorLabel(2); 




HCursNamel$: = "RMP"; 
HCursName2$: = "EPSP"; 
HCursName3$: = "IPSP"; 
Hcursor! abel(4,1, HCursNamel$); ' TO provide the names! 
Hcursorlabel(4,2, HCursName2$); ' 
Hcursorlabel(4,3, HCursName3$); ' 
Endif; 
If option% 3 then 
post 3-posl 1. posl4-post 1); 
Endif; 
If option%z4 then 
If template%=0 then 
View (anaty%); 








Print ("%6.1 t\ t%6.1 f1 t%6.4f\ t%6.1 t1 t%6.4f\ t%6.41\ n", 
















hor2: =H Cursor(2); 




View (v1 %); 
Else 
If option%=5 then 
Endif; 
Message ("Please open a data file"); 
Return I 
End 




Var amp, pos, StartTime, EndTime, option%; 
Var Post, pos2, LastSynchro; 
Var MeasureFrom, MeasureUntil; 'these are the boundaries 
Var RMPFrom, RMPUntil, PotentialFrom, Potential Until; These are delays for future measurements 
Var DataArray[10000], pulseDelay; 'to place the volts 
Var Number, RMP, Potential, ZeroCurrent, InjectedCurrent; 
If fileok% then 




Print ("\ n\ Time\ tl(hold)\ tl(amp)\ tRMP\ tV(amp)\ tResis\ n"); 
View (vi %); 
Repeat; 
option%: =Interact ("Add measurement to table", 1023,0, "Done", "Add IV from/to", "SetTemplate", "New 
Place"); 
If option%=3 then 
View (v1 %); 
FinishDelayl: =Cursor(2)-Cursor(1); 
PulseDelayl: =Cursor(1)-LastTime(3, Cursor(1)); 
Finish Delay2: =C ursor(4)-C ursor(3); 





If option%=2 then 
View (txt%); 
Print('\ n"); 
View (v1 %); 
MeasureFrom: = Cursor(1); 
MeasureUntil: = Cursor(2); 
posl: =Measure From; 
Pos2: =NextTime(3, Post); 
Repeat; 
Start 1: =pos2+pulsedelayl ; 
Start2: =pos2+pu Isedelay2; 
If usetemplate%=1 then 
Finishl : =Start1 +flnishDelayl ; 
Finish2: =Start2+finishDelay2; 
Number%: = ChanData(1, DataArray[], (Start1-0.4), (startl-0.05)); 
RMP 1: =(ArrSum(DataArray[0: Number%]))/Number%; 
Number%: = ChanData(1, DataArray[], (finish1-0.4), (finishl-0.05)); 
DeflectedVoltagel: =(ArrSum(DataArray[0: N umber%]))/N umber%; 
AmpVoltagel: =DeflectedVoltagel-RMP1; 
Number%: = ChanData(1, DataArray[], (Start2-0.4), (start2-0.05)); 
RMP2: =(ArrS um(DataArray[0. Nu mber%]))/Number%; 
Number%: = ChanData(1, DataArray[], (finish2-0.4), (finish2-0.05)); 
DeflectedVoltage2: =(ArrSum(DataArray[0: Number%]))/N umber%; 
AmpVoltage2: =DeflectedVoltage2-RMP2; 
ArrConst(DataArrayf, 0); 
Number%: = ChanData(2, DataArray[], (Startl-0.4), (Startl-0.05)); 
ZeroCurrentl: =(ArrSum(DataArray[0: N umber%]))1N umber%; 
Number%: = ChanData(2, DataArray[], (finishl-0.4), (finish 1 -0.05)); 
InjectedCurrentl: =(ArrSum(DataArray[O: Number%]))/Number%; 
Amp Currentl : =1 njectedCurrentl -Zero Current 1; 
ArrConst(DataArrayQ, 0); 
Number%: = ChanData(2, DataArray[], (Start2-0.4), (Start2-0.05)); 
Zero Current2: =(ArrSum(DataArray[0: Number%]))/Number%; 
Number%: = ChanData(2, DataArray[], (finish2-0.4), (finish2-0.05)); 
InjectedCurrent2: =(ArrSum(DataArray[0: Number%]))/Number%; 
AmpCurrent2: =I njectedCurrent2-ZeroCurrent2; 
Endif 
View (txt%); 
Print ("%6.1 f\ t%6.3f\ t%6.2f\ t%6.1 f\ t%6.1 f1 t%6.0f\ n", start 1, ZeroCurrentl, AmpCurrentl, 
RMP1, AmpVoltagel, (AmpVoltage1)/(AmpCurrent1)); 
Print ('%6.1 f\ t%6.3f\ t%6.2f\ t%6.1 f1 t%6.1 f1 t%6.0f\ n", start2, ZeroCurrent2, AmpCurrent2, 
RMP2, AmpVottage2, (AmpVoltage2)/(AmpCurrent2)); 
View (vi %); 
Pos2: =NextTime(3, finish2); 
ArrConst(DataArray[], 0); 
Until Pos2 > MeasureUntil 
Endif; 
If option%=4 then 








View (v1 %); 
Else 






Var Post, pos2, latency, RMP; 
If fileok% then 









Print ("\Time 1\tLatency\tRMP\n"); 
View (v1 %); 
Repeat; 
option%: =Interact ("Add measurement to table", 1023,0, "Done", "Add", "New Place"), 






Print ("%6.4f\t%6.4f\t%6. If\n", post, latency1000, RMP); 
View (v1 %); 
Endif; 










View (vt %); 
Else 






Var RMP, Ih, MeasureFrom, MeasureUntil, post, pos2; 
Var msecl 0, msec20, msec30, msec40, msec50, msec60; 
Var option%, number%; 
Var DataArray[10000]; 
If fileok% then 






option%: =Interact ("Add measurements", 1023,0, "Done", "Add", "New Place"); 
If option%=2 then 
View (v1 %); 
MeasureFrom: = Cursor(1); 
MeasureUntil: = Cursor(2); 
posl: =Measure From; 
Pos2: =NextTime(3, Post); 
Repeat; 
number%: = ChanData(1, DataArrayfl, (Pos2+0.025), (Pos2+0.09)); 
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RMP: =(ArrSu m (D ataArray[O: N um ber%]))/Number%; 
ArrConst(DataArray f, 0); 
Number%: = ChanData(2, DataArray[], (Pos2+0.050), (Pos2+0.085)); 
Ih: =(ArrS um(DataArray[0: Number%]))/Number%; 
ArrConst(DataArray[], 0); 
msecl0: =ChanValue(1, (pos2+0.1 1))-RMP; 
msec20: =ChanValue(1, (pos2+0.12))-RMP; 
msec30: =ChanValue(1, (pos2+0.13))-RMP; 
msec40: =ChanValue(1, (pos2+0.14))-RMP; 
msec50: =ChanValue(1, (pos2+0.15))-RMP; 
msec60: =ChanValue(1, (pos2+0.16))-RMP; 
View (txt%); 
Print ("%6.1 f\ t%6.1 f\ t%6.3f1 t%6.2f\ t%6.2f\ t%6.2f\ t%6.2fß t%6.2f\ t%6.2f\ n" 
msecl0, msec20, msec30, msec4O, msec50, msec60); 
View (v1 %); 
Pos2: =NextTime(3, (Pos2+0.5)); 
ArrConst(DataArray[], 0); 
Until Pos2 > MeasureUntil 
Endif; 
If option%=3 then 







View (v1 %); 




View (v1 %); 
Else 




pos2, RMP, Ih, 
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APPENDIX III: BAROSENSITIVE NTS NEURONES SHOW 
ADAPTATION 
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APPENDIX IV: BAROSENSITIVE NTS NEURONES RECEIVE 
GABAERGIC INPUT 
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